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Stray radiation elds outside the shielding of hadron accelerators are of com-
plex nature. They consist of a multiplicity of radiation components (neutrons,
photons, electrons, pions, muons, ...) which extend over a wide range of ener-
gies. Since the dose equivalent in these mixed elds is mainly due to neutrons,
neutron dosimetry is a particularly important task. The neutron energy in these
elds ranges from thermal up to several hundreds of MeV, thus making dosimetry
dicult.
A well known instrument for measuring neutron energy distributions from thermal
energies up to about E=10 MeV is the Bonner sphere spectrometer (BSS). It
consists of a set of moderating spheres of dierent radii made of polyethylene,
with a thermal neutron counter in the centre. Each detector (sphere plus counter)
has a maximum response at a certain energy value depending on its size, but the
overall response of the conventional BSS drops sharply between E=10-20 MeV.
This thesis focuses on the development, the calibration and tests in various ra-
diation elds of a new Bonner sphere spectrometer with an extended response
function.
First, two new Bonner spheres with a response up to E=2 GeV were developed
and built as a complement to a conventional BSS. This was achieved by an ex-
tensive Monte-Carlo (MC) simulation study performed with FLUKA on possible
moderating materials and combinations of these materials. In this study par-
ticular care was taken to reliably estimate the uncertainties on the calculated
response functions due to variations of the sphere diameter, the moderator den-
sity and the moderator thickness. MC simulations also pointed out that the old
sphere supports made of plastics increase the neutron scattering and may there-
fore influence the count rate of the Bonner spheres. Thus, new sphere supports
made of aluminium were designed and constructed.
The two new spheres were assembled with the conventional BSS into a new
extended-range spectrometer. The new spectrometer was then calibrated at the
Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, Germany, using
monoenergetic neutron beams of E=144 keV, 1.2 MeV, 5 MeV and 14.8 MeV. In
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the following it was also tested with an 241Am-Be source in the CERN calibration
laboratory and at CERF (CERN-EU high-energy reference eld). The CERF fa-
cility is very well characterized and provides a broad neutron eld from thermal
energies up to several hundreds of MeV with a large relative contribution of 10-
100 MeV neutrons. The tests in both elds showed that the simulations agreed
with the measured values to an accuracy of better than 20%. This is perfectly
adequate for the use in radiation protection.
In fact, the extended-range Bonner sphere spectrometer has not only demon-
strated its advantages in routine measurements in this domain, but was also
successfully employed in research work related to radiation protection. Thereby
the superior performance of the new extended-range BSS as compared to the
conventional one became clearly visible.
In addition to the work on the Bonner sphere spectrometer, preliminary Monte-
Carlo studies aiming at an upgrade of CERF were performed in this thesis. It
was shown that an optimized shielding conguration at CERF could produce
a radiation eld with higher intensities, higher energies and a higher relative
neutron fluence as compared to the present set-up. This new reference eld is of
interest for forthcoming measurements related to the space programme and also
for testing and calibrating the Bonner spheres at energies higher than what was
possible in this thesis.
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Kurzfassung
Die Streustrahlung auerhalb der Abschirmung von Teilchenbeschleunigern fu¨r
Hadronen ist sehr komplex. Sie besteht aus einer Vielzahl von Komponen-
ten (Neutronen, Photonen, Elektronen, Pionen, Mu¨onen, ...) und erstreckt sich
u¨ber einen weiten Energiebereich. Da die A¨quivalentdosis in diesen gemischten
Strahlungsfeldern hauptsa¨chlich von den Neutronen herru¨hrt, ist die Neutronen-
dosimetrie dort von besonderer Bedeutung. Sie erweist sich aber oftmals als sehr
schwierig, weil das Neutronenspektrum von thermischen Energien bis zu mehreren
100 MeV reicht.
Ein gebra¨uchliches Instrument zur Messung der Energieverteilung von Neutro-
nen bis ca. E=10 MeV ist das Bonnerkugel-Spektrometer (BKS). Es besteht
aus einem Satz kugelfo¨rmiger Polyethylenmoderatoren unterschiedlicher Gro¨e
in deren Mitte sich ein Za¨hler fu¨r thermische Neutronen bendet. Jeder De-
tektor (Moderatorkugel + Za¨hler) hat, in Abha¨ngigkeit von seiner Gro¨e, ein
maximales Ansprechvermo¨gen bei einer ganz bestimmten Energie. Das Gesamt-
ansprechvermo¨gen des konventionellen BKS fa¨llt jedoch bei Energien zwischen
E=10-20 MeV drastisch ab.
Diese Arbeit konzentriert sich auf die Entwicklung eines neuen Bonnerkugel-
Spektrometers mit erweitertem Ansprechbereich, sowie dessen Kalibrierung und
der Durchfu¨hrung von Tests in verschiedenen Strahlungsfeldern.
Zu Beginn wurden zwei neue Bonnerkugeln mit einem Ansprechvermo¨gen bis
E=2 GeV als Erga¨nzung zu einem konventionellen BKS entwickelt und gebaut.
Dies wurde mit Hilfe umfangreicher Monte-Carlo (MC) Simulationen mit FLUKA
erreicht, in denen zahlreiche mo¨gliche Materialen fu¨r die Moderatoren und deren
Kombinationen studiert wurden. Besonderers wurde dabei Augenmerk auf eine
zuverla¨ssige Abscha¨tzung der Fehler des simulierten Ansprechvermo¨gens gelegt,
welche durch Abweichungen des Kugeldurchmessers, der Moderatordichte und der
Moderatordicke auftreten ko¨nnen. Weitere MC Simulationen zeigten auch, da
die alten Kugelhalterungen aus Plastik die Neutronenstreuung deutlich erho¨hen
und damit das Meergebnis der Bonnerkugeln verfa¨lschen ko¨nnen. Aus diesem
Grund wurden neue Kugelhalterungen aus Aluminium entworfen und gebaut.
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Die Eingliederung der zwei neuen Bonnerkugeln in das konventionelle BKS ergab
ein neues BKS mit erweitertem Ansprechbereich. Das neue Spektrometer wurde
in der Physikalisch-Technischen Bundesanstalt (PTB) in Braunschweig, Deutsch-
land, mit monoenergetischen Neutronenstrahlen bei E=144 keV, 1.2 MeV, 5 MeV
und 14.8 MeV kalibriert. Desweiteren wurde es mit einer 241Am-Be Quelle in
der CERN Kalibrierhalle und bei CERF (CERN-EU high-energy reference eld)
getestet. CERF ist ein Referenzstrahlplatz mit sehr gut bekannten Parametern.
Er bietet ein ausgedehntes Neutronenspektrum, welches von thermischen En-
ergien bis zu einigen hundert MeV reicht und durch einen groen relativen Anteil
von 10-100 MeV Neutronen charakterisiert ist. Die Tests in beiden Strahlungs-
feldern haben gezeigt, da die Simulationen mit einer Genauigkeit von 20 % sehr
gut mit den Messungen u¨bereinstimmen. Dies ist durchaus ausreichend fu¨r An-
wendungen im Strahlenschutz.
In der Tat bewies das neue Bonnerkugel-Spektrometer mit erweitertem Ansprech-
bereich seine Vorteile nicht nur in Routinemessungen sondern auch in Forschungs-
arbeiten im Hinblick auf den Strahlenschutz. Dabei wurde die U¨berlegenheit
des neuen BKS mit erweitertem Ansprechbereich gegenu¨ber dem konventionellen
BKS sehr deutlich.
Erga¨nzend zu der Arbeit am Bonnerkugel-Spektrometer wurden in dieser Disser-
tation vorla¨uge Monte-Carlo Studien mit dem Ziel einer Aufru¨stung von CERF
durchgefu¨hrt. Es wurde gezeigt, da eine optimierte Abschirmung in CERF ein
Strahlungsfeld erzeugen kann, welches ho¨here Intensita¨ten, ho¨here Energien und
eine gro¨ere relative Neutronenfluenz aufweist. Dieser neue Referenzstrahlplatz
wa¨re von Interesse fu¨r bevorstehende Messungen im Rahmen des Weltraumfor-
schungsprogramms, aber auch fu¨r Tests und Kalibrierungen der Bonnerkugeln
bei ho¨heren Energien als jenen, die fu¨r diese Arbeit zur Verfu¨gung standen.
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These results [...] are very dicult to explain
on the assumption that the radiation from
beryllium is a quantum radiation [...]. The
diculties disappear, however, if it be as-
sumed that the radiation consists of particles
of mass 1 and charge 0, or neutrons.1
The discovery of the neutron was based on \Beryllium rays" knocking out atoms
from various targets and measuring the energies of the resulting recoiling nuclei
[Cha32]. Since 1932 neutron spectrometry has contributed much to the develop-
ment of nuclear physics and has also become an important tool in several other
elds, notably nuclear technology, fusion plasma-diagnostics, radiotherapy and
radiation protection.
Methods of neutron spectrometry can be classied basically into seven groups
based on the principle used to sense or measure neutron energy:
 Spectrometry of recoil nuclei after scattering with a neutron,
 Measurement of the energy of charged particles released in neutron induced
reactions,
 Measuring the velocity of the neutron with the time-of-flight method,
 Threshold methods in which the minimum neutron energy is indicated by
the appearance of a neutron-induced eect, such as radioactivity or a spe-
cic gamma-ray energy,
1James Chadwick: Possible Existence of a Neutron. Nature, Feb. 27, 1932, p. 312.
In 1935 J. Chadwick received the Noble prize for the discovery of the neutron.
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 Methods in which the neutron energy distribution is determined by un-
folding (deconvoluting) a set of readings of detectors which dier in the
energy-dependence of their response to neutrons,
 Methods based on neutron diraction,
 Methods measuring the time distribution of the slowing down of a short
burst of high-energy neutrons in a suitable medium.
1.1 History
Three main periods can be identied in the evolution of neutron spectrometry:
1932-1959, 1960-1979 and 1980-now.
Most neutron spectrometers used today are based on methods that were intro-
duced before 1960. Recoil spectrometers in use by 1960 included ionization cham-
bers and proportional counters, cloud chambers, nuclear emulsions, organic scin-
tillators, recoil telescopes and double-pulse (capture-gated) neutron spectrome-
ters. Neutron spectrometers based on measuring the energies of charged reaction
products included the 3He proportional counter and the 6LiI(Eu) scintillator crys-
tal. Time-of-flight methods and threshold activation methods were also promi-
nent during this period.
Notable developments during the second phase, 1960-1979, were the introduction
of the Bonner sphere method [Bra60], the advances made in neutron spectro-
metry techniques based on gaseous ionization detectors [Gro79] and scintillation
detectors [Har79]. An associated important development was the advent of com-
puter based unfolding methods for determining neutron spectra from few and
multichannel measurements [Har79, Ver68, McE67, Per78]. Other notable devel-
opments during this period were the rst applications of semiconductor detectors
to neutron spectrometry [Dea63] and the introduction of the super-heated drop
(‘bubble’) detector [Apf79].
The third (post 1979) phase also brought considerable technological progress
but will probably be remembered most for the impact of computers on neutron
spectrometry. In particular, neutron spectrometry has improved as a result of the
comprehensive calculation methods that are now available, rstly to generate the
response functions or to calculate the neutron detection eciency of the detector
system, e.g. by Monte-Carlo simulations, and secondly to unfold (deconvolute)
the spectral neutron fluence from the spectrometer readings. The response ma-
trix, which summarizes the detector responses as a function of incident neutron
energy, provides the basis for this unfolding process. To date, response matri-
ces are mostly based on calculations which must be validated by experimental
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measurements. One of the most important measures of the quality of a neutron
spectrometer is the degree to which the response matrix is known and understood.
1.2 Multisphere system spectrometry
The prototype multisphere system was the neutron spectrometer introduced by
Bramblett, Ewing and Bonner in 1960 [Bra60], which subsequently became known
as the Bonner sphere spectrometer (BSS). The original BSS comprised a small
thermal neutron detector (cylindrical 6LiI(Eu) crystal, d=4 mm, h=4 mm), posi-
tioned at the centre of a polyethylene sphere. Five spheres of dierent diameters
between d=5.08 cm (=2 inch) and d=30.48 cm (=12 inch) were used to produce
ve detector systems with distinctly dierent response functions (Figure 1.1). The
structure of the Bonner spheres is almost spherical, thus providing an isotropic
response. For a small sphere the degree of moderation is small, as is the capture
of thermal neutrons in the moderator. Low-energy neutrons thus have a reason-
able probability of arriving at the thermal sensor and being detected, whereas
fast neutrons tend to escape. For larger spheres there is considerably more mod-
eration. There is also more capture which means that low-energy neutrons tend
to be absorbed in the polyethylene. It is the high-energy neutrons which thus
have the greatest probability of being detected in the thermal detector and the
response function peaks in the high-energy region.
Figure 1.1: Response functions of the original Bonner sphere spectrometer,
showing the count rate of the 6LiI(Eu) scintillation crystal detector (d=4 mm,
h=4 mm) as a function of neutron energy for ve dierent polyethylene sphere
diameters between d=5.08 cm (=2 inch) and d=30.48 cm (=12 inch) [Bra60].
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If sphere i has a response function Ri(E), and is exposed to a neutron eld with
spectral fluence (E), then its reading xi is obtained mathematically by folding





Good approximations to Ri(E) can be obtained from calculations supported by
measurements or calibrations with well characterized monoenergetic neutrons, ra-
dionuclide sources and other calibration elds. To determine an unknown neutron
spectrum the count rate for each Bonner sphere is measured and then unfolded
using the response matrix. Many unfolding codes have been developed over the
years, based on several dierent techniques, such as least-squares adjustments,
genetic algorithms or maximum entropy methods. The unfolding procedures used
for this work are discussed in more detail in Chapter 4.
Chapter 2
Motivation for an extended-range
Bonner sphere spectrometer
The aim of this work was to develop, to calibrate and to test in various elds
a new Bonner sphere spectrometer with an extended range. Two new Bonner
spheres with a response up to E=2 GeV were developed as a complement to
a conventional BSS. This was achieved by an extensive Monte-Carlo study on
possible new moderating materials and combinations of these materials.
A conventional BSS, as presented in Chapter 1, consisting of only polyethylene
moderators and a thermal neutron detector, has an inherent upper energy limit
around E=10-20 MeV due to decreasing (n; p) cross sections with increasing neu-
tron energy. Thus response functions of Bonner spheres with even large modera-
tors peak near E=10 MeV and quickly drop at higher energies. In addition, the
shape of the response curves in the high-energy region are very similar, which
makes resolving spectral shapes above E=20-30 MeV more dicult. In typical
high-energy neutron elds the signal from even the larger spheres is dominated
by neutrons below E=20 MeV, and the signal from high-energy neutrons may
not be distinguished from the expected signal fluctuations. As a consequence,
such systems are unreliable in environments with a large contribution of high-
energy neutrons. However, high-energy neutrons dominate the dose equivalent
outside the shielding of hadron accelerators because they are the most penetrating
component which has also a large fluence to ambient-dose-equivalent conversion
coecient1.
The design of the two new Bonner spheres, nally called Stanlio and Ollio, was
done by performing MC simulations with the particle transport code FLUKA,
which is the state-of-the-art MC programme for shielding purposes in high-energy
physics. The studies followed a similar approach adopted in the development of
1A denition of the dose quantities used in radiation protection can be found in Appendix A.
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the extended-range rem counter LINUS [Bir98a]. But in contrast to other groups
[Vyl97, Mar01, Wie01] it was chosen to develop Bonner spheres with completely
dierent shapes of response functions as compared to that of LINUS.
After construction, the new extended-range spectrometer was calibrated at the
Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, Germany using
monoenergetic neutron beams and was tested at CERN, Switzerland, with ra-
dioactive sources and in the ‘CERN-EU high-energy reference eld’ (CERF) fa-
cility.
At CERN the extended BSS is presently used in radiation protection for routine
measurements in high-energy neutron elds such as around the present accelera-
tors and for experiments related to shielding studies. For the future the extended
BSS will become essential to verify the correct operation of the dose monitors
installed around the Large Hadron Collider LHC, where a large amount of high-
energy neutrons will be present.
Chapter 3
The Monte-Carlo code FLUKA
The Monte-Carlo (MC) method is a method of approximately solving complex
problems in mathematics and physics by simulating the problem using random
numbers. These random numbers follow probability distributions based on so-
phisticated models. The name and the systematic development of Monte-Carlo
methods dates from about 1944. The real use of MC methods as a research tool
stems from work on the atomic bomb during the second world war. Nowadays
the MC method has found widespread application in dierent disciplines e.g.:
nuclear engineering, astrophysics, radiative heat transfer, aerospace engineering,
chemistry, biology, medical physics, health physics, electrical engineering, math-
ematics, environmental engineering, economics and business modelling.
3.1 History of FLUKA
Early versions of hadron cascade Monte-Carlo codes, which nally became the
FLUKA code of today, have existed already since 1964 [Ran64, Ran66]. The code
was originally non-analog1 and was used as a tool for designing the shielding of
high-energy proton accelerators. The need to develop the fully analog2 FLUKA
(FLUktuierende KAskade) arose from an application to evaluate the performance
of NaI crystals as hadron calorimeters [Ran70], where it was necessary to describe
fluctuations in energy deposition using purely analog MC methods.
Since that time FLUKA has been continuously improved and extended by an
international collaboration of physicists. It is now a multi-purpose MC code
which is capable of simulating all components of particle cascades in matter from
1In the non-analog MC method the probability of special physical processes is modied.
These modication techniques are called biasing techniques (see Section 3.6).
2In analog MC methods the probability of a process equals the real one.
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TeV energies down to the energy of thermal neutrons. Its predictive power was
established on a large number of studies benchmarking FLUKA results against
experimental data (see [Fer95, Col00] and references therein).
This chapter gives a brief overview of the main physical concepts and models
implemented in the versions of FLUKA [Fas01a, Fas01b] used in the simulations
of this thesis (FLUKA98, FLUKA99 and FLUKA2000). The programme is coded
in FORTRAN.
3.2 Particle transport in matter
FLUKA is a three dimensional Monte-Carlo particle transport programme, which
simulates particle cascades in user-dened surroundings. One of the big advan-
tages of FLUKA as compared to other MC transport codes is the ability to sim-
ulate transport of hadrons, muons, electrons, photons and low-energy neutrons
in a single run and without interfacing dierent codes. All the secondaries issued
from the same primary particle are transported before a new primary particle is
started. Table 3.1 lists all the particles of which transport and interaction can be
simulated with FLUKA.
Table 3.1: List of particles which can be transported by FLUKA.
Leptons Hadrons
e− e+ e e p p n n
− + µ µ + − 0






γ + − 0
+ − 0
+ − 0 0
In contrast to many other particle transport programmes FLUKA can simulate
most transportation and production aspects from PeV scales to very low energies
depending on the particle. The energy ranges for the transport and interaction
of the most important particles are given in Table 3.2.
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Table 3.2: Energy ranges for interaction and transport of the most important
particles in FLUKA.
Particles Transport limits Limits for primary particles
Charged hadrons 1 keV-20 TeV 100 keV-20 TeV
n thermal-20 TeV thermal-20 TeV
n 50 MeV-20 TeV 100 MeV-20 TeV
 1 keV-1000 TeV 100 keV-1000 TeV
e (for high-Z material) 1 keV-1000 TeV 150 keV-1000 TeV
e (for low-Z material) 1 keV-1000 TeV 70 keV-1000 TeV
γ 1 keV-1000 TeV 7 keV-1000 TeV
3.3 Geometry in FLUKA
FLUKA uses a combinatorial geometry package which was originally developed
at ORNL (Oak Ridge National Laboratory, USA) for the neutron and γ-ray
transport programme MORSE [Emm75]. To this package additional geometry
features, like innite cylinders and planes, were added. Complex objects can be
dened by using the Boolean operators union, dierence and intersection.
A limited repetition capability (lattice capability) is now available which avoids
the description of repetitive structures in all details. Thus, only one single module
has to be dened, which can then be re-iterated as many times as required. In
essence this allows to dene geometries, containing up to thousands of dierent
regions, by using only a small number of region and body denitions.
A geometry debugger detects double- or non-dened regions and provides the
ability to plot selected sections through the geometry (derived from the PLOT-
GEOM programme of the Ispra Joint Nuclear Research Centre [Jaa73]).
A programme package called FLUKACAD/PIPSICAD, which transforms the in-
put le into an AutoCad script le, was recently developed [Vin00]. The produced
script le can then be used to generate a 3-dimensional drawing of the FLUKA
geometry in AutoCad, including all features of AutoCad like rendering, dimen-
sioning, etc.. In addition, double- and non-dened regions can be found and
plotted in a reliable and fast way. This package is also able to visualize particle
tracks, as calculated by FLUKA, in three dimensions.
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3.4 Tracking
An improved model for multiple scattering, derived from Moliere’s theory [Mol47,
Mol48, Mol55] is used in FLUKA and has been extended to all charged particles
[Fer91] during the past ten years. It also takes into account special high-energy ef-
fects, very grazing angles, correlations between lateral and longitudinal displace-
ments and backscattering eects close to boundaries. Furthermore, the model
contains a sophisticated algorithm for treating the boundary problem. This ac-
curate tracking algorithm always calculates the distance to the nearest boundary,
which allows an exact transport to region boundaries. With this procedure, mate-
rial discontinuities can be properly treated in FLUKA. Boundary crossing points
are identied precisely even in the presence of very thin layers. The combined
eect of multiple scattering and magnetic elds is also included. In materials of
low densities (gases) single scattering can be requested e.g. in cases of simulating
interactions with residual gas in accelerator vacuum-chambers.
3.5 Scoring
The following quantities can be scored with pre-dened estimators or detectors:
 Particle fluence and current,
 Track-length of particles in dened volumes,
 Number of inelastic reactions in a dened volume,
 Amount of energy deposition in a volume,
 Produced residual nuclei,
 Angle dependent particle production yields.
3.6 Biasing
Powerful biasing techniques are available in FLUKA in order to increase the
statistical signicance of the results in phase-space regions which are otherwise
not accessable by fully analog simulations. They include:
 Importance biasing at boundaries: according to the importance of the en-
tered region and of the region where the particle is coming from, particles
are killed or split.
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 Russian roulette/splitting for hadronic interactions.
 Leading particle biasing: only the one particle which has the higher energy
out of two is followed after an electron/positron or photon interaction.
 Weight windows: region, particle and energy dependent control of the sta-
tistical weight at collision points can be applied with this feature.
 Decay length biasing (Lambda biasing): the decay length of selected par-
ticles can be articially reduced in order to improve statistics of daughter
production in the desired regions.
 Interaction length biasing: the interaction length of selected particles in
matter can be articially reduced in selected materials forcing more inter-
actions.
 Neutron non-analog absorption: the scattering-to-absorption ratio of low
energy neutrons can be controlled by the user.
 Neutron biased down-scattering: accelerates or slows down neutron moder-
ation in selected regions.
Whenever the number of particles or their parameters are articially changed
in the biasing, the particle weights are adjusted correspondingly, in order to
reproduce the real physical situation in the results.
3.7 Models used in FLUKA
There are dierent models describing the interactions and transport in dierent
energy ranges. In general one can split the simulation roughly into two parts. The
rst considers interactions which produce hadronic particles down to low energies.
The second deals with particles produced in the electromagnetic cascade. The
general principles of the models are decribed in the following. More detailed
information on the models can be found in [Fas97, Fas01a, Fas01b] and references
therein.
3.7.1 Simulation of hadronic cascades in FLUKA
3.7.1.1 Inelastic nuclear interactions
An inelastic interaction is described in FLUKA as a multi-step process involving
various models each of which acts in a dierent energy range. The interaction
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of high-energy particles (4 GeV<E<20 TeV) with a nucleus is treated by the
Dual Parton Model. The secondary particles from such an interaction prop-
agate through nuclear matter of the same nucleus and may interact with the
spectator nucleons. This procedure, including the subsequent de-excitation of
the nucleus, is well known under the name ’Generalized Intra Nuclear Cascade
Model’. The pertinent energy range is covered mainly by two models. The rst,
called NUCRIN, is responsible for the inelastic reactions between E=2.5 GeV and
4 GeV. The second model which covers hadron interactions below E=2.5 GeV is
called PEANUT. Finally, the excited spectator nucleus may evaporate nucleons
and light fragments and dissipate energy through photon emission. In FLUKA
these processes are treated by models for evaporation, fragmentation and γ-de-
excitation.
3.7.1.2 Elastic nuclear interactions
The elastic scattering mechanism of hadrons at nuclei can be very important if
the target nucleus is small with respect to the impact parameter. The scattering
is described in terms of the optical model [Wet81]. The optical potential is
produced via a real and an imaginary part. The real part has a Woods-Saxon
radial dependence. The imaginary contribution shows rather a periphery-peaked
shape. The total elastic cross-section is parameterized by ts to experimental
data.
3.7.1.3 Low-energy neutrons
Neutron interactions below E=19.6 MeV are followed down to user-dened region
dependent energy cut-os which can be as low as thermal energies. The model
used here resembles the one used in the neutron and γ-ray programme MORSE
[Emm75].
In cooperation with the Italian ENEA laboratory it was made possible to establish
cross-section data sets for more than 130 frequently used elements, materials and
isotopes. These cross-section sets consist of 72 neutron energy groups (or 37
wider groups), gamma production data and kerma factors for energy deposition
calculation. For many materials, data sets correlated with the temperature of
T=87 K are also available. The dierence to the normal sets can be found in a
reduced Doppler broadening of the cross-sections at thermal energies.
The transport is described by standard multigroup transport with photon and
ssion-neutron production. This model contains detailed kinematics of elastic
scattering on hydrogen nuclei. Furthermore, the transport of proton recoils and
protons from N(n; p) reactions is considered. Photons which are emitted after an
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inelastic reaction or a neutron capture are not transported in accordance with
the multigroup treatment. These particles are passed through the more accurate
Electro-Magnetic FLUKA (EMF) package which performs continuous transport
with respect to energy (see below).
In general, for nuclei (with the exception of hydrogen) kerma factors are employed
to calculate energy deposition. In the case of hydrogen the recoiling protons are
explicitly generated and transported.
3.7.2 Simulation of electromagnetic cascades in FLUKA
3.7.2.1 Transport of charged hadrons and muons
Besides hadronic eects FLUKA has to deal also with electromagnetic influences
on hadrons. In order to transport charged hadrons and muons from E=1000 TeV
down to E=1 keV, FLUKA takes into account the following eects:
 Energy loss,
 Multiple Coulomb scattering,
 Pair production and Bremsstrahlung,
 Muon photo-nuclear interactions.
3.7.2.2 EMF: Electro-Magnetic FLUKA
In FLUKA a detailed transport model for electrons, positrons and photons is
available. This part, called Electro-Magnetic FLUKA (EMF), is based on the
EGS4 code [Nel85]. For performing electromagnetic simulations concerning these
particles, one has to produce the necessary material data tables using the pro-
gramme ’PEMF’. PEMF is a pre-processor, which provides cross-sections by us-
ing a method introduced by Sternheimer, Seltzer and Berger [Sel85, Sel86]. A
thorough discussion can be found elsewhere [Fas97, Fas01a].
Chapter 4
Unfolding procedures
Unfolding1 the energy spectrum of particle radiation involves solving the basic




Ri(E)(E)dE (i = 1; :::::; M) (4.1)
which represents the measuring process. The function (E) to be determined by
the unfolding techniques may be a spectral particle fluence, often simply referred
to as a spectrum. The xi denote the data obtained from measurements, e.g. using
the various Bonner spheres. The kernels Ri(E) are the response functions of the
measuring system. The subscript i is related to the channel number, i.e. to the
individual Bonner sphere of a set.
Equation 4.1 has no unique solution since a nite number of discrete measure-
ments, M , cannot dene a continuous function (E). It can be therefore trans-




Ri(Ej)  (Ej) (i = 1; :::::; M) (4.2)
with the response matrix R, the group fluence vector ~=(1,...,ν ,...,N )
T and
ν=(Eν). The N components ν can be considered as average fluence values in
the intervals between the energies Eν and Eν+1. Equation 4.2, too, has no unique
1The terms unfolding and deconvolution are used synonymous for determining the spectral
distribution (E) from Equation 4.1.
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solution for N>M . An unique exact solution of the discrete spectrum (Eν) of
equation 4.2 only exists in the case of equal dimensions N=M and a non-singular
response matrix R. However, in few-channel measurements as in Bonner sphere
spectrometry, it would be desired to have N>M or, preferably, even NM
for maximum information on the whole spectrum. In this case, equation 4.2
becomes strongly underdetermined with an innite manifold of possible solutions
ν . A more sophisticated unfolding procedure is then required. There are some
possibilities to overcome these diculties. First, all the information available on
the spectrum must be used within the unfolding algorithm. Sometimes a pre-
calculated fluence vector 0 is known, sometimes a smoothing condition for the
fluence can be formulated. This a priori information (‘guess spectrum’) can be
used to construct a solvable system of normal equations. Also, it is a condition
sine qua non for the resulting fluence vectors to be non-negative for all particle
energies.
A number of unfolding codes have been developed for solving the inversion prob-
lem; details may be found elsewhere [Mat01]. Here only the two unfolding codes,
which were used in this work, are briefly described.
4.1 GRAVEL
A code based on the iterative formalism described in [Mat94] for the GRAVEL
code has been developed in the MATLAB language by the Polytechnic of Milan.
It takes advantage of the MATLAB capabilities for the I/O of data and results
and for the graphical presentation of the results and other important quantities
(e.g. 2, total fluence, etc.) during the iterations.
The nal energy distribution generally is obtained by minimizing the 2 value
obtained by comparing the experimental and the reconstructed data. Moreover,
in each iteration the modications with respect to the starting N group fluences
are also minimized, so as to be able to deal with underdened problems, as in the
case of Bonner spheres. Thus, the global minimization refers more properly to
the so-called generalized 2, which is the sum of the 2 value of the experimental
data with the 2 resulting from the modications of the N group fluences with
respect to the values of the previous iteration.
The initial guess is a pure 1/E spectrum. If any information about the expected
spectrum is known, for example from Monte-Carlo simulations, it can be used by
the programme to improve the resolution of the nal energy distribution. In order
to avoid negative values of the group fluences, the minimization is performed on
their logarithms instead.
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4.2 MAXED
MAXED is an unfolding code written in FORTRAN based on ‘maximum en-
tropy deconvolution’. It was developed at EML (Environmental Measurements
Laboratory, DoE, USA) for use with multisphere neutron spectrometers [Reg99].
MAXED uses the maximum entropy principle to nd a spectrum which ts the
data within experimental errors in a mathematically rigorous, consistent and un-
biased way.
The maximum entropy principle states that from all admissible spectra satisfying
the set of constraints, i.e. the measurements, one should choose the one that





i ) + f
DEF
i − fi] (4.3)
where fi and f
DEF
i are the discretized output and default spectra. Any a priori
information about the neutron spectrum is contained in the default spectrum.
The information from the measurements is used to modify the default spectrum
in order to produce an output spectrum that ts the data within the experi-
mental uncertainties. If the data contains no information about a portion of the
spectrum, the unfolded output for that portion of the spectrum will be the same
as the default spectrum. The programme does not apply any smoothing proce-
dure to the unfolded spectrum, and none is needed to get a smooth spectrum if
the estimates of the experimental uncertainties are realistic. Since no smooth-
ing is applied, MAXED preserves any structure in the default spectrum which is
ner than the resolution of the spectrometer. MAXED also uses a process called
‘simulating annealing’ to assure that it nds the globally optimum solution.
Chapter 5
MC simulated detector responses
5.1 The conventional Bonner sphere set
The BSS presently used by the Radiation Protection group at CERN consists
of a set of ve moderating spherical shells made of polyethylene, having outer
diameters of 81 mm, 108 mm, 133 mm, 178 mm and 233 mm, respectively. The
smallest sphere can be surrounded by a cadmium shell of 1 mm thickness in order
to absorb the thermal neutron component. The active part of the spectrometer
is a spherical 3He proportional counter with a diameter of 33 mm located in the
hollow centre of each sphere. In order to avoid intercalibration uncertainties the
same counter is used for all the spheres. This procedure does not increase the
measuring time, since the spheres should not be used simultaneously in order to
avoid systematic errors due to the modication of the neutron spectrum by the
polyethylene of nearby spheres.
Figure 5.1 shows the calculated response functions of the various detectors (mod-
erator plus counter) as a function of energy. Each detector has a maximum
response at a certain energy which depends on the moderator size. As one can
see, the response of the various Bonner spheres decreases rapidly for energies
above a few MeV. This is due to decreasing (n; p) cross sections with increasing
neutron energy.
In order to be able to study the neutron spectra around hadron accelerators,
where the high-energy neutron component is important, it was desirable to extend
the response of the BSS to substantially higher energies. As it is shown by the
results of extensive Monte-Carlo simulations in the following sections, simply
taking a bigger polyethylene sphere is not sucient to enhance the response at
high energies. Thus more sophisticated solutions have to be found.
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Figure 5.1: Absolute neutron fluence response (counts per unit fluence) of
the ve polyethylene spheres of the BSS. The spheres are labelled with their
diameter in millimetres. The smallest sphere can be additionally surrounded
by a cadmium shell (81Cd).
5.2 Simulation set-up
In order to reproduce correctly the measured responses by calculation and sup-
plement them in energy ranges not measured, detailed information concerning
the geometry of the moderator and the 3He counter is required. Figure 5.2 shows
for example the geometry model which was constructed for the Monte-Carlo sim-
ulations of the 81 mm sphere. The sketch is a transverse section through the
detector system. The geometry is symmetrical with respect to the stem of the
3He counter. The gure shows the proportional counter embedded in a moderator
of diameter d=81 mm made of polyethylene with a density of =0.963 g/cm3.
The sensitive or eective volume of the 3He counter is a sphere with a diameter
d=32 mm, surrounded by a 0.5 mm thick aluminium wall. It is homogeneously
lled with p=202.65 kPa (=2 atm) 3He and p=101.325 kPa (=1 atm) Krypton
gas. The so-called nose is a short cylinder of aluminium and the stem is modelled
as a long cylinder of aluminium with an air cavity inside. They are placed on
opposite sides of the sensitive volume. The cable which connects the counter with
the electronic devices was not taken into account in the simulations.
The simulations of all response functions presented in this chapter were performed
with FLUKA98. The neutron response of each detector was calculated for 78
incident neutron energies: for the neutron energies of E=0.05, 0.1, 0.25, 0.5, 1























Figure 5.2: Geometry model of one of the Bonner spheres: a 3He-lled
proportional counter, consisting of the sensitive volume, the so-called nose
and the stem, is embedded in a moderator sphere made of polyethylene (the
outer diameter of the smallest one is d=81 mm). The geometry is symmetrical
with respect to the stem of the 3He counter.
and 2 GeV, respectively, a broad parallel beam having a slightly larger extension
than the sphere diameter was assumed. In most measurement conditions low-
energy neutrons arise from down-scattering and are undirectional. Therefore an
isotropic distribution of the incident neutrons was chosen for the 72 low-energy
groups, between E=19.6106 eV and 110−5 eV.
The model used for the Bonner spheres describes the sensitive volume of the pro-
portional counter as an ideal sphere, the whole volume being homogeneously lled
with a mixture of 3He and Kr gas with a ratio of partial pressure of 2:1. Eects
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such as charge collection and gas amplication were not taken into consideration.
Instead, it was assumed that each 3He(n; p)t event is registered and contributes
to the reading of the Bonner sphere. The proton as well as the tritium contributes
to the detector signal, their combined energy is E=764 keV (Q-value) plus the
kinetic energy of the incident neutron. The elastic cross-section can be neglected
for the given problem.
The primary neutron fluence Fu is given in units of [1/cm
2] and thus the fluence
response R in units of [cm2]. The FLUKA calculations of R are realized in the
following way: the track length - a standard output - in the sensitive volume of
the 3He counter, 4x, is multiplied with the macroscopic cross-section of 3He, ,
yielding an expected number of counts, which is normalized to unit fluence of the





This is done online by a user written routine, which is linked to the FLUKA
libraries. The macroscopic cross-section  is dened as
 =  Natom [cm−1] (5.2)
where  is the microscopic cross-section given in cm2 and Natom is the atomic
density of the sensitive gas given by
Natoms =   NA
A
[cm−3]: (5.3)
The parameters , NA and A are the density of the
3He gas [g/cm3], the Avo-
gadro’s number (6.0231023 atoms/mol) and the mass number [g/mol], respec-
tively.
5.3 Design study of the new extended-range BSS
In order to extend the range of the conventional Bonner sphere spectrometer by
means of two new spheres, nineteen congurations of dierent sizes and materials
were investigated by MC simulations. A cross-sectional view of all the detector
congurations can be found in Appendix B.
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As it can be seen from Figure 5.3, a simple increase of the diameter of the
polyethylene sphere does not achieve the desired result. The response at high
energies is slightly increased but it is still very similar to the one of the 233 mm
sphere. More sophisticated solutions followed therefore an idea adopted in the
Figure 5.3: Calculated neutron fluence response (counts per unit fluence)
of the 433 mm (20 cm thick polyethylene) sphere (symbols). The response of
the 233 mm polyethylene sphere is plotted as reference (solid line).
development of the extended-range neutron rem counter LINUS [Bir98a], i.e. to
add a high-Z material and a thermal neutron absorber, in our case cadmium, into
a polyethylene moderator. The former does not influence very much the response
to low-energy neutrons, but increases the response to high-energy ones via (n,xn)
interactions. The latter absorbs thermal neutrons but does not aect high-energy
neutrons.
In the rst approach, a layer of either 1 cm of lead, 1 cm of iron, 1 cm of
copper, 5 mm of iron, 3 mm of lead or 1 mm of cadmium was embedded into the
polyethylene moderator of the 233 mm sphere at a radial distance from the 3He
counter comparable to the conguration used for LINUS. The order of materials
from the 3He proportional counter outwards is shown in Table 5.1. In order
to optimize the shape of the response function of the new detectors, lead and
cadmium were dierently combined in a second approach and the thicknesses of
the layers were modied or even completely omitted (Table 5.2).
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Table 5.1: The order of materials (from the 3He proportional counter outwards)
used in the rst approach of the simulations in order to study the eects of
dierent materials embedded into the 233 mm sphere.









Table 5.2: The order of materials (from the 3He proportional counter outwards)
used in the second approach of the simulations in order to optimize the shape of
the desired response function of the two new detectors.
Inner shell High-Z shell Outer shell
3 cm PE 1 mm Cd, 1 cm Pb 7 cm PE
2 cm PE 1 mm Cd, 2 cm PE, 1.4 cm Pb 5 cm PE
1 cm PE
2 cm PE 1 cm Pb 7 cm PE
3 cm void
1 cm Pb
3 cm PE 1 mm Cd, 1 cm Pb






1 mm Cd, 1 cm Pb
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Figures 5.4 - 5.7 show the results of the calculations for the congurations given
in Table 5.1 and 5.2. They show the fluence response (counts per unit neutron
fluence) as a function of the neutron energy. For comparison the response function
of the largest conventional Bonner sphere (233 mm in diameter) is also plotted

























Figure 5.4: Calculated neutron fluence response (counts per unit fluence)
using dierent materials embedded into the 233 mm polyethylene sphere (sym-
bols). The response of the 233 mm polyethylene sphere is plotted as reference
(solid line).
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Figure 5.4 shows the results of the rst approach, i.e. the investigation of dierent
materials within shells of polyethylene. As expected, lead results in the largest
response at high energies. Furthermore, 1 mm of cadmium inside the polyethylene
decreases the response at low energies. These two eects can be obtained with the
same sphere by combining both materials in two dierent ways (Figures 5.5 A and
B). Both detector congurations increase the response to high-energy neutrons
up to E=1 GeV by more than one order of magnitude and suppress the response
to incident neutrons with energies lower than E=10 keV by about one order of
magnitude as compared to the one of the 233 mm detector of the standard BSS.
The conguration of the detector sphere in Figure 5.5 A has the advantage of
being about 3 kg lighter than the one in Figure 5.5 B. The former was therefore














Figure 5.5: Calculated neutron fluence response (counts per unit fluence)
for two dierent combinations of polyethylene, lead and cadmium (symbols).
The conguration of Figure A was chosen as rst additional sphere of the ex-
tended-range BSS and is called Ollio. The response of the 233 mm polyethylene
sphere is plotted as reference (solid line).
The results of Figures 5.6 A, B and C were not satisfactory, since their responses
do not dier signicantly enough from the response of the 233 mm sphere. They
were therefore not considered further.
In contrast, the response function in Figure 5.6 D shows a shape which was
investigated more carefully. The lead shell outside yields the typical increase
of response at high energies, but because of the small diameter (d=113 mm) the
detector behaves at low energies like a small Bonner sphere made of polyethylene.
Furthermore a signicant suppression of the peak at about E=10 MeV can be
observed. This fact sets this response function apart from the former ones and
this conguration is therefore of interest for becoming the prototype of the second
additional detector because it provides additional information.
A few variations of the geometry of this prototype were investigated in order
to get an optimized ratio between the minimum at E10 MeV and the high-




















Figure 5.6: Calculated neutron fluence response (counts per unit fluence)
for dierent shell thicknesses of polyethylene and lead (symbols). The cong-
uration of Figure D with its dierent shape of the response function, becomes
the prototype of Stanlio. The response of the 233 mm polyethylene sphere is
plotted as reference (solid line).
energy behaviour (Figure 5.7). Figure 5.7 A shows also the advantage of having
an additional cadmium layer inside the sphere. It decreases the response to
thermal neutrons by more than a factor 10. The best result, where the peak
at E10 MeV of the response function is completely suppressed but the high-
energy part signicantly enhanced (Figure 5.7 F) could be obtained with the
conguration made up, from the 3He proportional counter outwards, of 2 cm
polyethylene, 1 mm cadmium and 2 cm lead. It became the second new Bonner
sphere, named Stanlio. Stanlio together with Ollio seem to be a good addition
to the existing BSS.





























Figure 5.7: Calculated neutron fluence response (counts per unit fluence) of
dierent variations of the prototype conguration of Stanlio (symbols). The
conguration of Figure F was nally chosen as second additional sphere, called




Figure 6.1 shows the various components of the new extended-range Bonner
sphere spectrometer: the conventional BSS with moderators consisting of only
polyethylene and a cadmium shell to surround the 81 mm sphere, the two new














Figure 6.1: Components of the new extended-range Bonner sphere spec-
trometer: the conventional BSS with moderators consisting of only polyethy-
lene and a cadmium shell to surround the 81 mm sphere, the two new spheres
Stanlio and Ollio, the ller pieces of the spheres, the 3He proportional counter,
the preamplier, a compact electronic device and the Al supports.
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counter, the preamplier, a compact electronic device and the Al supports for the
spheres. Details about the conventional BSS can be found in the previous chapter
while the other components are described in detail in the following sections.
6.1 Stanlio and Ollio
The Monte-Carlo study of new detector responses (Chapter 5) resulted in two
new detector designs, which were constructed as supplement to the conventional
Bonner sphere spectrometer. The rst, called Stanlio, has a diameter of 118.5 mm
and weights 7.75 kg. The second, called Ollio, is a sphere with a diameter of
255 mm and 12.62 kg weight. The detailed parameters of the new spheres are
presented in Table 6.1. The table shows the outer diameter of the 3He propor-
tional counter, of the air-gaps and of the moderator layers of the two spheres.
Table 6.1: Geometrical parameters of the new spheres Stanlio and Ollio.
Outer radius [mm]
Spheres
counter air-gap polyethylene Cd air-gap Pb polyethylene
Stanlio 16.5 17.25 38 39 39.25 59.25 {
Ollio 16.5 17.25 46.75 47.75 48 58.5 127.5
Figures 6.2 and 6.3 illustrate the arrangement of the dierent moderator layers
around the 3He counter. The small air-gaps between the 3He counter and the
polyethylene layer and between the cadmium and lead layers are not visible with
the scale of these gures.
6.2 The new extended-range Bonner sphere set
Combining the calculated response functions of the conventional Bonner spheres
with the ones of Stanlio and Ollio leads to the response matrix of the extended-
range Bonner sphere set (Figure 6.4). For clarity, error bars are omitted in the
gure. They are 3 % for the polyethylene spheres and about 6 % for Stanlio
and Ollio. The original calculations of the responses above E=19.6 MeV were
performed at discrete energy values (see Chapter 5.2). In order to facilitate the
further handling of the data (e.g.: for unfolding procedures, for comparison with
experimental data, etc.), the discrete values were converted into binned responses.
Figure 6.4 shows the well known shapes of conventional Bonner sphere response













10.5 mm lead69 mm polyethylene
Figure 6.3: Cut through the moderator of the new Bonner sphere Ollio.
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Figure 6.4: The absolute neutron fluence responses (counts per unit neutron
fluence) of the extended-range Bonner sphere spectrometer. The conventional
spheres made of polyethylene only are labelled with their diameters in mm.
81cd indicates the 81 mm sphere surrounded by 1 mm of cadmium. The two
new, lead modied spheres are labelled with their names.
functions, i.e. the broad shape for the small spheres which gets with increasing
diameter narrower and its maximum shifted to higher energies.
Stanlio and Ollio, the two spheres that contain lead shells, stand apart. Due
to the Pb(n,xn) reaction, which starts playing an important role at 10 MeV,
they show an increased response to neutrons with energies above E=10 MeV as
compared to the pure polyethylene spheres. At energies below E=10 MeV the
shapes of the response functions resemble the ones of the standard spheres of the
corresponding sizes: Stanlio, a rather small sphere with a diameter of 118.5 mm,
shows a broad response between E=110−6 MeV and 110−1 MeV. Ollio, a large
sphere with a diameter of 255 mm, has a narrow response peaking at a few MeV.
It is worth noting that the response function of Stanlio shows a minimum where
the responses of Ollio and the other large diameter spheres have a maximum.
This feature makes Stanlio a good complement to the standard BSS.
6.2.1 Factors influencing the response functions
The calculated response functions shown above are for Bonner spheres with nom-
inal parameters of density and geometry. In reality these parameters can dier
from the nominal ones and thus cause uncertainties of the response functions of
which the sources can be manifold. On the one hand there are some uncertain-
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ties which are not directly assessable, like the exact internal geometry of the 3He
proportional counter or its gas pressure. These are independent of the moderator
thickness and composition and have been evaluated by calibration measurements
(see Chapter 7). On the other hand response uncertainties due to variation in
the geometry, the density and the thickness of the moderator are easier to quan-
tify but depend strongly on the material and the size of the sphere. These are
investigated in more detail in the following. The results obtained were used to
estimate the uncertainty of the calculated response functions.
6.2.1.1 Geometry eects
Calibration measurements (Chapter 7) hinted that the true response functions,
especially those of the small spheres (81 mm, 81Cd and Stanlio), show large
discrepancies with respect to the calculated ones. It was found that a small air-gap
of a few millimetres exists between the counter and the moderator that was not
taken into account in the simulations. A precise measurement of the thickness and
shape of the air-gap was not feasible. Thus, an air-gap with a constant thickness
of 3.5 mm, which represents an upper limit of the real situation, was implemented
in the FLUKA geometry. The calculations of the entire Bonner sphere set were







































































































































elliptoidical air gap 
maximal extension 3 mm
approximated geometry 
constant air gap of 3.5 mm 
filler pieces
air gap
Figure 6.5: Illustration of the air-gap approximation. The top sketch shows
the nominal geometry. The middle one sketches the geometry closest to reality.
At the bottom the air-gap approximation used in the calculations is shown.
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The deviation of the response functions including the air-gap versus the nominal
response functions is shown in Figures 6.6- 6.9 for the 81 mm sphere, the 178 mm
sphere, Stanlio and Ollio, respectively.
Figure 6.6: Relative variation of the nominal response of the 81 mm sphere
without air-gap (Rn) with respect to the response including an air-gap of
3.5 mm (Ra).
Figure 6.7: Relative variation of the nominal response of the 178 mm sphere
without air-gap (Rn) with respect to the response including an air-gap of
3.5 mm (Ra).
Obviously the 81 mm sphere is the most sensitive one to such variations: the
replacement of 3.5 mm polyethylene by air constitutes a 15 % reduction in the
polyethylene thickness and thus of moderating material. Therefore this Bonner
sphere is more sensitive to low-energy neutrons and less sensitive to intermediate
and high-energy neutrons above 1 keV. The dierence in the response is large
and ranging from -20 % up to +30 %. For the 178 mm sphere the eect of the
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Figure 6.8: Relative variation of the nominal response of Stanlio without
air-gap (Rn) with respect to the response including an air-gap of 3.5 mm (Ra).
Figure 6.9: Relative variation of the nominal response of Ollio without
air-gap (Rn) with respect to the response including an air-gap of 3.5 mm
(Ra).
air-gap yields an overall increase of the response up to 20 %. Stanlio, with its
diameter of 118.5 mm, resembles rather the 81 mm sphere. Due to the air-gap it
shows an increased response of 10 % to neutrons with energies below E=1 keV
and a lower response up to 20 % for energies higher than 1 keV. Ollio is not
aected signicantly by an air-gap of 3.5 mm thickness since it has a radius of
127.5 mm.
The simulated air-gap of 3.5 mm represents an upper limit of the real situation
and thus also an upper limit for the resulting uncertainties.
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6.2.1.2 Density uncertainties
The density of commercial polyethylene can vary between PE=0.92 g/cm
3 and
0.98 g/cm3. A small variation in density can lead to a large change in response
[Wie94], i. e. 4R/R4/. The magnitude of this eect varies with energy.
The nominal density PE=0.963 g/cm
3 was specied by the supplier for the
polyethylene of the Bonner spheres. This value was taken for all response cal-
culations performed with FLUKA. In order to verify this value, the density was
determined by measuring the weight and the volume of the moderator spheres,
excluding the cavities for the 3He proportional counter and the ller pieces. The
results are listed in Table 6.2. The errors are originating from measuring uncer-
tainties. It can be seen that for each sphere the measured density agrees very
well with the supplier’s specication.







Similarly, density measurements were performed for the ller pieces of the con-
ventional spheres. The results are listed in Table 6.3.
Table 6.3: Measured polyethylene densities of the ller pieces and the fraction
of their volume to the total volume of the Bonner spheres.
Sphere Density [g/cm3] Vfill/Vtot [%]
81 mm 0.9420.018 5
108 mm 1.1420.004 6
133 mm 0.9570.021 4
178 mm 0.9590.002 2
233 mm 0.9620.004 2
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In general, the measured densities of the ller pieces agree quite well within the
errors with the specied one, except for the ller piece of the 108 mm sphere
which seems to be built from another material.
The influence on the response by the ller pieces was investigated in more detail
for the 81 mm and 108 mm spheres, because they show the largest dierence from
the nominal value (2 % deviation for the ller piece of the 81 mm sphere and 19 %
for the ller piece of the 108 mm sphere). For these two spheres calculations were
carried out implementing the measured densities listed in Table 6.3. The results
are shown in Figures 6.10 and 6.11.
Figure 6.10: Relative variation of the response of the 81 mm sphere with
ller pieces of ρPE=0.942 g/cm
3 (R0.9425%) with respect to the 81 mm sphere
entirely made of polyethylene of ρPE=0.963 g/cm
3 (R0.963), as a function of
neutron energy.
It can be seen from Figure 6.10 that the response of a 81 mm sphere containing
5 % polyethylene with density PE=0.942 g/cm
3 and 95 % polyethylene with
PE=0.963 g/cm
3 diers by less than 1 % from the response of the 81 mm sphere
entirely made of polyethylene of PE=0.963 g/cm
3 (Figure 6.10). For the 108 mm
sphere the variation is larger. A 108 mm sphere consisting of 6 % plastics with a
density of P =1.142 g/cm
3 and of 94 % polythylene of PE=0.963 g/cm
3 has a
dierence in response of up to 5 % as compared to the 108 mm sphere made of
pure polyethylene of PE=0.963 g/cm
3 (Figure 6.11).
For measuring the densities of the lead-, cadmium- and polyethylene components
of the ller pieces of Stanlio and Ollio, they had to be dismounted. The densities
of the various materials were measured with the same method used for the conven-
tional spheres. The results are listed in Table 6.4. As it can be seen the densities
of the lead and the cadmium in the ller pieces agree very well within their un-
certainites with the nominal values of Pb=11.35 g/cm
3 and Cd=8.64 g/cm
3. In
contrast, the density of the polyethylene in the ller pieces of Stanlio and Ollio
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Figure 6.11: Relative variation of the response of the 108 mm sphere with
ller pieces of ρP =1.142 g/cm
3 (R1.1426%) with respect to the 108 mm sphere
entirely made of polyethylene of ρPE=0.963 g/cm
3 (R0.963), as a function of
neutron energy.
Table 6.4: Measured desities of the lead, cadmium and polyethylene ller pieces




Stanlio 11.250.16 8.120.71 0.920.02
Ollio 11.20.2 8.01.0 0.940.01
is signicantly dierent from the nominal one. Separate density measurements of
the various materials composing the moderator shells of Stanlio and Ollio were
not possible since they are xed together. The determination of these densities
was approached in another way: the density of lead and cadmium was assumed to
be the nominal one (justied by the ller pieces). For determining the polyethy-
lene density the entire shells (consisting of polyethylene, cadmium and lead) were
weighed. Taking the geometrical specications of the spheres listed in Table
6.1 and the nominal densities of lead, cadmium and polyethylene, the expected
weight of the spheres could be calculated. Then the density of the polyehtylene
was varied between PE=0.92 and 0.98 g/cm
3 until the expected weight was equal
to the actual one. The results are shown in Table 6.5.
For Ollio this method worked very well since it contains a large amount of
polyethylene. While the expected weight of Ollio calculated with a polyethy-
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lene density of PE=0.92 g/cm
3 diered by 600 g from the measured one, it
agreed with an assumed polyethylene density of PE=0.97 g/cm
3. For Stanlio,
however, this method led only to a weight variation of 20 g for a density variation
over the whole range of PE=0.92-0.98 g/cm
3, which is less than 0.5 % of the
total weight and thus is not signicant enough to determine correctly a density
value.
In summary, the density measurements of the materials contained in Stanlio and
Ollio have shown that for Ollio the density of the polyethylene in the moderator
shells agrees with the nominal value, whereas the density of the polyethylene in
the ller piece is dierent. However, the volume fraction of the polyethylene in
the ller piece to the one in the shell is only 1.3 %, so that the influence on the
response function is negligible (Figure 6.12).
Figure 6.12: Relative variation of the response of Ollio with ller pieces
consisting of polyethylene of ρPE=0.94 g/cm
3 (R0.941.3%) with respect to the
response of Ollio entirely made of polyethylene of ρPE=0.963 g/cm
3 (R0.963),
as a function of neutron energy.
In the case of Stanlio the density of the polyethylene in the moderator sphere
could not be determined accurately. If the moderator shell is made of the same
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polyethylene as the ller piece, the change of the response would be up to 15 %
as compared to the response of Stanlio with nominal polyethylene density (Fig-
ure 6.13). This scenario represents the largest density deviation from nominal
conditions and is therefore a good upper limit for uncertainty estimations of the
response function of Stanlio.
Figure 6.13: Relative variation of the response of Stanlio consisting of
polyethylene of ρPE=0.92 g/cm
3 (R0.92) with respect to the response of Stanlio
made of polyethylene of ρPE=0.963 g/cm
3 (R0.963), as a function of neutron
energy.
6.2.1.3 Diameter uncertainties
The diameter of all spheres was measured several times, with dierent tools on
two positions: along the equator and near the poles. Thus, a measured mean
diameter, Dm, of each sphere could be determined. Its uncertainty represents
the deviation from an ideal sphere and is given by half the dierence between
the results obtained near the poles and those along the equator. The values
presented in Table 6.6 are the nominal diameter Dn, the measured diameter Dm
and, in the last column, the relative deviation of Dm with respect to Dn. The
measurements have shown that the diameters of some spheres dier slightly from
the specications and from an ideal sperical shape. Stanlio, the 108 mm and
the 178 mm spheres show the largest deviation from the specications and their
response functions were therefore re-calculated with the measured diameters given
in Table 6.6. The dierences between the old and the new calculations are shown
in Figures 6.14-6.16 for Stanlio, the 108 mm sphere and the 178 mm sphere,
respectively.
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Table 6.6: Nominal and measured outer diameters of the Bonner spheres. The






81 mm 81 80.90.1 0.1
108 mm 108 107.60.3 0.4
133 mm 133 133.30.1 -0.2
178 mm 178 178.70.5 -0.4
233 mm 233 232.42.0 -0.3
Stanlio 118.5 120.52.3 -1.7
Ollio 255 254.52.5 0.2
In Figure 6.14 it can be seen that for Stanlio with an 1.7 % increased diameter of
the moderator, the response to neutrons above E=100 keV increases up to 5 %.
Below E=1 keV the variation of the response is less than 2.5 %. The diameter
variation of 0.4 % for the spheres 108 mm and 178 mm lead to variations in the
response functions of less than 5 % (Figures 6.15 and 6.16).
Figure 6.14: Relative dierence between the response of Stanlio with a
measured diameter of 120.5 mm (R120.5) and the nominal one of 118.5 mm
(R118.5), as a function of neutron energy .
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Figure 6.15: Relative dierence between the response of the 108 mm sphere
with a measured diameter of 107.6 mm (R107.6) and the nominal one of 108 mm
(R108), as a function of neutron energy.
Figure 6.16: Relative dierence between the response of the 178 mm sphere
with a measured diameter of 178.7 mm (R178.7) and the nominal one of 178 mm
(R178), as a function of neutron energy.
6.2.2 Estimate of the response function uncertainties
For the analysis of experimental data from the Bonner spheres (Chapters 7, 8
and 9) the knowledge of the response function uncertainties is essential. Due
to limited computing time the response functions of all Bonner spheres could
not be re-calculated with varying all possible parameters responsible for those
uncertainties. Instead, re-calculations of the entire Bonner sphere spectrometer
were performed in detail by varying only the parameters of the major sources of
uncertainty. For the other sources an upper limit for the response uncertainty
was determined for one sphere and applied to all the others.
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As shown in the previous section the air-gap between the 3He proportional counter
and the moderator is the major source of uncertainty resulting in responses vary-
ing up to 35 % depending strongly on the sphere diameter. The measurements
of the polyethylene densities have shown large deviations from the nominal val-
ues only for Stanlio with response variations of up to 15 %, which is comparable
to the eect of the air-gap. Thus, all response functions of the extended-range
Bonner sphere set were re-calculated including the largest possible air-gap in the
geometry and for Stanlio including additionally the deviation of the polythy-
lene density. The outcome of these re-calculations is a set of ‘modied’ response
functions which are listed in detail in Appendix C.
The 108 mm sphere, which includes ller pieces of a material other than polyethy-
lene, yields to response deviations of up to 5 %, thus an overall uncertainty of
5 % was assumed for it. The 81 mm sphere whose ller pieces have the largest
deviation of the polyethylene density from the nominal one as compared to the
133 mm, 178 mm and 233 mm spheres, yields response variation of less than 1 %.
Therefore, the responses of the other spheres were not re-calculated, since their
variations due to density uncertainties are even lower, but a general uncertainty
of 1 % was considered. The density of the ller piece of the largest sphere, Ollio,
diers also from the nominal density. However, due to the small volume of the
ller pieces as compared to the total volume of the sphere its eect is also smaller
than 1 %. An overall uncertainty of 1 % was assumed in that case, too.
The deviation from the nominal diameters of the moderator spheres varies be-
tween 0.1 % and 1.7 %. The response functions of the three spheres with the
largest variations were re-calculated in order to estimate an overall upper limit
for the response uncertainty due to diameter uncertainties. The results show a
response variation of up to 5 % for Stanlio and for the 108 mm and 178 mm
spheres. The responses of the other spheres were not re-calculated as their eect
of the diameter uncertainty is even smaller. Thus, an overall uncertainty of 5 %
due to diameter variations was considered for all spheres.
Finally, the real total uncertainty of the response of each sphere depends also on
the radiation eld to which it is exposed. In particular, the response variations
due to geometry, density and moderator thickness uncertainites are strongly en-
ergy dependent. For example, for monoenergetic neutron beams the response
can vary up to 40 %, while in neutron elds of a wide energy range the eect is
probably reduced and the assumed uncertainties may be a little overestimated.
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6.3 The 3He proportional counter
6.3.1 Fundamentals
The detection of neutrons in a 3He proportional counter is based on the 3He(n; p)3H
reaction, yielding a proton and a tritium nucleus. These two particles share a
Q value of E=764 keV at a ratio of 3:1 plus the kinetic energy of the incident
neutron. The details of the reaction are as follows:
3He + n ! 3H + p + 0:764 MeV (6.1)
(n; p) = 5327 barns (6.2)
E(3H)  Q
4
= 0:191 MeV (6.3)
E(p)  3
4
Q = 0:573 MeV (6.4)
The charged particles deposit their energy in the counter gas, producing ionization
along their oppositely directed tracks. The electrons liberated along the particle
tracks drift under the influence of an electric eld towards the anode wire. At
a short distance from the anode, the electric eld rises to a high value and the
drifting electrons gain sucient energy to ionize neutral atoms. Thus the charge
released in the detector by a neutron event is increased by a large factor (gas
amplication). The electrons are collected by the anode, leaving a large number
of positive ions clustered near the anode surface. These ions move away from the
anode at a velocity much lower than that of the electrons, but because of their
large number and of the fact that their way is longer than the one of the electrons
they are responsible for most of the signal pulse amplitude.
In the gas amplication process, the charge multiplication is controlled by the
value of the high-voltage applied to the anode. Multiplication factors of up to
approximately 1000 are common and the signal pulse amplitude can be adjusted
to maintain an adequate signal to noise ratio at the amplier input.
The fundamental quantity from a proportional counter is the charge produced
per event, i.e. the time integral of the current pulse due to the mechanism de-
scribed above. The charge output as a function of the voltage depends on the
3He pressure, the amount of quench gas additive and the diameter of the anode
wire and cathode. Figure 6.17 shows the detector characteristics of the 2 atm
and 4 atm 3He proportional counters used in this work.
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Figure 6.17: Signal rate versus voltage for two detectors of dierent gas
pressure. The detectors were placed in a Bonner sphere and exposed to an
241Am-Be source of the same strength.
In a 3He detector the proton and tritium tracks have lengths of the order of the





where P is the gas pressure and k1 barcm. The orientation of the tracks is
isotropic. Protons or tritium produced by events occurring near the detector wall
can directly deposit energy in the wall. Such events produce signal pulses smaller
than those from full-energy events. This eect is commonly referred to as wall
eect and is sketched in Figure 6.18.
Q/4 tritium 3Q/4 proton detector wall 
lost proton energy lost tritium energy Q deposited in gas
Figure 6.18: The conditions of getting a detector signal. Right: proton
and tritium deposit their energy in the detector gas. Middle: tritium loses
its energy to the wall. Left: proton loses its energy to the wall.
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These eects cause the typical shape of the 3He proportional counter (see Figure
6.19 from right to left): a high and narrow thermal peak, where all the energy
Q from the (n; p) reaction is deposited in the detector gas; a broad, flat region
(tail), where only part of the energy Q is deposited in the gas; a sharp edge
around 1/4th of the peak-channel, which indicates the threshold of the reaction
3He(n; p)3H, and below this edge a region with an exponential signal coming from
electronic noise and gamma rays.
Figure 6.19: The pulse height spectrum of a 3He proportional counter.
Three main regions can be distinguished (from the right to the left): 1.) the
thermal peak - the entire energy is deposited in the counter gas, 2.) the flat
tail - parts of the energy are deposited in the detector wall, 3.) the electronic
noise and gamma contribution.
Gamma radiation produces a response in the detector by means of Compton
electrons which originate in the wall of the detector. For high-energy photons,
the ionization tracks frequently are longer than the detector diameter. The rate
of gamma interactions is proportional to the total wall area. The size of each
gamma pulse is proportional to the product of pressure and diameter.
When pulse height spectra are recorded for a 3He counter exposed to gamma
rays, the spectral shape is very well tted by a straight line in a semi-logarithmic
plot. This is illustrated in Figure 6.20 for the irradiation of the counter by 137Cs
sources of dierent intensities. Below channel 30 the electronic noise dominates
and thus the pulse height spectra is independent of the source intensity.
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Figure 6.20: Pulse height spectra of a 3He proportional counter exposed
to 137Cs sources of dierent strengths. Above channel 30 the spectral shape
can be tted very well by a straight line. Below channel 30 electronic noise
dominates and therefore the spectrum is independent of the source intensity.
6.3.2 Intercalibration
Three dierent 3He proportional counters were used in this work, all of spherical
shape, purchased from Centronic Limited, UK, with the following specications:
 2 atm-detector: 2 atm 3He, HV=812 V
 4 atm-detector: 4 atm 3He, HV=890 V
 B-detector: 2 atm 3He, HV=824 V
In order to compare the counter readings of the three detectors intercalibration
measurements were performed at the PTB in February 2001. The set-up used
for the measurements was constructed especially for intercalibration purposes and
provided a high accuracy of positioning. Each detector was placed in the centre of
a 12.7 cm (=5 inch) Bonner sphere from the PTB and irradiated by an 241Am-Be
source. The derived intercalibration factors are given in Table 6.7.
Table 6.7: Intercalibration of the 3He proportional counters used within this
work. They are labelled as 2 atm-, 4 atm- and B-detector [Witt01].
Intercalibration factor
2 atm/4 atm 0.7390.007
2 atm/B-det. 0.9840.011
B-det./4 atm 0.7510.011
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6.4 Electronics
The electronics needed for a Bonner sphere system are a preamplier, an amplier,
a single or multi channel analyzer (SCA/MCA), a counter and the power supply.
In order to discriminate the gamma ray and electronic noise contribution from
the neutron signal a threshold is set by the SCA/MCA usually below the edge of
the neutron pulse height spectrum (see Figure 6.21) and only the integral counts
above the threshold are recorded. In radiation elds exclusively dominated by
neutrons a small displacement of the threshold is not critical and the variation
of the integrated counts is much less than 1 %. On the other hand, in mixed
elds with a large contribution of gammas a slight variation of the threshold can
increase or decrease the number of counts due to gammas signicantly. It is
therefore advisable to raise the threshold in such environments; although a few
percent of the total neutron counts will be lost, the gamma contribution can be
suppressed by up to a factor 100 (see Figure 6.21).
Pulse Height Spectrum 
of Neutrons
Thresholds
Pulse Height Spectrum 
of Gammas (different intensities)
Figure 6.21: Pulse height spectrum of a 3He proportional counter in a
mixed radiation eld. The gammas are discriminated from the neutrons by
an electronic threshold. The threshold is set according to the intensity of the
gamma radiation.
Apart from the preamplier (Ortec 142) two types of electronics were used for
the Bonner sphere set. For the rst tests in May 2000 electronics which originally
belongs to the LINUS [Bir98a] was used. This was based on NIM standard and
consists of an amplier (Ortec 570), a single channel analyzer (Ortec 550A), a
counter (Ortec 994) and the power supply (I+P) assembled in a portable NIM
crate. The settings of this system were adjusted for the LINUS which has the
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same type of 3He proportional counter as the Bonner spheres but a dierent
operating voltage. Because of the lack of a MCA at that time it was impossible
to re-adjust the thresholds which is necessary when using a dierent operating
voltage. For this reason the LINUS settings were kept at the beginning. They
are listed in Table D.1 of the Appendix.
A compact electronic device which could be operated via a PC and included a
MCA was purchased later from Mu¨nchner Apparate Bau − MAB, Germany. The
block diagram in Figure 6.22 sketches the arrangement of the components. The
electronic settings of the MAB device for the three 3He proportional counters are
summarized in Table D.2, the technical specications of the components in Table
D.3 of the Appendix.
Multi Channel
Spectroscopical




















Figure 6.22: Block diagram of the MAB device (Mikro Messkanal 2100/MCA).
The MAB device can be operated either in a single-channel/discriminator mode
or in a multi-channel/analyzer mode. In order to verify whether the two modes
give the same results the detector was irradiated with a Pu-Be source and the
subsequent data acquisition was run in both modes. Within the statistical un-
certainties both modes resulted in the same signal rate, as seen in Table 6.8 and
Figure 6.23.
Table 6.8: Data acquisition with the MAB device running both in discriminator
and analyzer mode. Both acquisition modes gave the same detector count rate.
Mean count-rate [ct/s] Error of mean [ct/s]
Discriminator mode 170.6 0.6
Analyzer mode 171.3 0.4
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Figure 6.23: Detector characteristics of the 4 atm-detector performed with
the MAB electronic device. Data was acquired both in discriminator mode
and analyzer mode.
6.5 Sphere support
The original supports for the conventional Bonner spheres were plastic cylindrical
pipes with a wall thickness of 3 mm. The diameters and heights of the supports
depend on the sphere they are used for. Table 6.9 summarizes the dimensions of
the plastic supports for the dierent spheres.
Table 6.9: Dimensions of the plastic supports of the Bonner spheres.
Diameter Height Sphere
12 cm 14 cm 233 mm, Ollio
12 cm 18 cm 178 mm
7 cm 19.7 cm 108 mm, 133 mm, Stanlio
5.9 cm 21.8 cm 81 mm, 81Cd
As it can be seen some supports are used for more than one sphere. This is
inconvenient for experiments that require all sphere centres to be aligned exactly
at the same height. The material - plastics - also increases neutron scattering
due to the large amount of hydrogen in it. Simulations were therefore carried out
in order to investigate the extent of neutron scattering on such a plastic support
and to compare it to scattering on an aluminium one. The geometry used for the
calculations is shown in Figure 6.24.
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Support
Beam
Outer Scoring Region Top
Inner Scoring Region Top
Outer Scoring Region Back
Inner Scoring Region Back
Figure 6.24: Geometry conguration used for the simulation of the neutron
scattering due to the sphere supports. A circular beam hits the sphere support,
either aluminium or polyethylene. Four scoring regions record the outcoming
spectra.
The primary neutrons originate from a circular surface of radius r=7.5 cm with
a flat energy spectrum. The beam hits a pipe made of either polyethylene or
aluminium with radius r=7.5 cm, height h=15 cm and wall thickness d=3 mm.
After the interaction the neutron spectra are scored in four regions. The rst one
is located behind the support and has the same dimensions as the beam, r=7.5 cm
(inner back region). If the interactions of the beam with the support would be
negligible the neutron spectrum in that scoring region should be very similar to
the spectrum of the input beam. The second region is annular with ri=7.5 cm
and ro=15 cm (outer back region). It gives information about the broadening
of the beam due to scattering. The other two scoring regions are above the
sphere support - inner top region (r=7.5 cm) and outer top region (ri=7.5 cm
and ro=15 cm) - where the spheres are placed. The spectra recorded there provide
an estimation of the neutrons scattered into the sphere during measurements.
The results of the simulations are shown in Figures 6.25 and 6.26. It can been
seen that the plastic support increases drastically the amount of neutrons below
E=1 MeV in all four scoring regions, whilst the aluminium support has negligible
eect. For the latter the neutrons in the inner back scoring region show the same
spectral shape as the primary ones, and the dierential neutron fluences in the
other scoring regions are more than one order of magnitude lower than compared
to those in the inner back region.
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Spectrum Outer Top Region
Input Spectrum
Spectrum Inner Top Region
Spectrum Outer Back Region
Spectrum Inner Back Region
Figure 6.25: The input spectrum flat in dierential flux and the outcoming
scattered spectra for the polyethylene sphere support. The spectra in the top
scoring regions show a large fraction of low-energy neutrons due to scattering
in the support material.
Input Spectrum
Spectrum Inner Top Region 
Spectrum Outer Top Region
Spectrum Inner Back Region Spectrum Outer Back Region
Figure 6.26: The input spectrum flat in dierential flux and the outcoming
scattered spectra for the aluminium sphere support. No signicant scattering
can be observed. The outcoming spectrum in the inner back region shows the
same shape as the input spectrum. The spectra in the other scoring regions
are at least one order of magnitude lower than the input one.
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For this reason new sphere supports made of aluminium were constructed for
each sphere. The dimensions of the supports were chosen in such a way that the
centre of each sphere is located at 25 cm above the ground (Table 6.10).
Table 6.10: Dimensions of the aluminium supports of the Bonner spheres
including a 12 mm thick base plate for mounting.
Diameter Height Sphere
55 mm 218 mm 81 mm, 81Cd
65 mm 205 mm 108 mm
65 mm 191 mm 133 mm
120 mm 182 mm 178 mm
120 mm 148 mm 233 mm
65 mm 198 mm Stanlio




Any instrument has to be properly calibrated before it can be employed routinely.
The calibration of the Bonner sphere system has two goals: rst, if the ratios of
the calculated to measured response is constant at all energies for a certain sphere,
the shape of the simulated response functions is veried. Second, the value of
this ratio is the calibration factor for this Bonner sphere system with this specic
3He proportional counter. For these reasons calibration measurements of the new
extended-range Bonner sphere system were carried out in May 2001 at the PTB
irradiation facility [Bre80].
7.1 Experimental set-up
Monoenergetic neutrons of E=14.8 MeV, 5 MeV, 1.2 MeV and 144 keV were
produced by proton or deuteron induced reactions on dierent targets. In general,
solid targets were used consisting of thin layers of metallic LiOH and Ti, loaded
with deuterium or tritium and evaporated on Ta, Ag or Al backings. Only for
the production of E=5 MeV neutrons a gas target was used [Gul94]. Table 7.1
summarizes the target composition, the production reaction, the energy of the
projectile and the mean neutron energy. To achieve a higher beam intensity the
targets were wobbled.
The measurements were performed in the experimental hall of the accelerator
facility of PTB. The irradiation location is placed on a grid floor in the centre of
the hall (see Figure 7.1). Due to its large dimensions, V=24 m30 m14 m, the
scattering on the thick concrete walls is small.
52
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Table 7.1: Characteristic data for the accelerator produced monoenergetic
neutrons at PTB. Ep is the energy of the projectile, En is the nominal neutron
energy and En the corresponding energy width (FWHM).
Ep Target Reaction hEni En
0.242 MeV Ti(T) T(d,n)4He 14.8 MeV 0.9 MeV
2.30 MeV Gas D(d,n)3He 5.0 MeV 0.18 MeV
2.05 MeV Ti(T) T(p,n)3He 1.2 MeV 0.098 MeV
1.95 MeV LiOH 7Li(p,n)7Be 144 keV 12 keV





Figure 7.1: Photograph of the measuring hall of the PTB accelerator facility.
The calibration of the Bonner sphere system was performed with the 2 atm-
detector and the B-detector, which was normalized to the 2 atm-detector using
the intercalibration factors of Table 6.7. The spheres were mounted on a detector
support which could be moved around the target on a circle of maximum 5.2 m
radius. This allows the Bonner spheres to be displaced in a polar and radial
CHAPTER 7. CALIBRATION WITH NEUTRON BEAMS 54
direction with respect to the neutron producing target (Figure 7.2). The spheres
were exposed to neutrons emitted in the forward direction at a distance of 2 m













Figure 7.2: Experimental set-up for the calibration measurements. The
monitors are the precision long counter (PLC), the new monitor (NM), the
Geiger-Mu¨ller counter (GM) and the 3He counter. The intensity of the beam
was recorded by a charge monitor which is placed in the beam line (not shown).
The gure is not to scale.
The smallest Bonner sphere, 81 mm, was always exposed in two orientations with
respect to the beam in order to see possible angular dependencies. In the rst
exposure, the connector of the 3He proportional counter was placed perpendicular
to the beam axis; in the second one, it was behind the sphere with respect to
the incoming beam, i.e. parallel to the beam axis. As can be seen in Figure
7.3 the results were the same, within the experimental uncertainties, for both
exposure positions. The other spheres were exposed with the connector always
perpendicular to the beam, a set-up which was also simulated by Monte-Carlo.
The neutron fluence was measured by a proton recoil proportional counter for
the energies E=144 keV and 1.2 MeV and by means of a proton recoil telescope
for E=5 MeV. With these measurements ve reference monitors were calibrated,
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Figure 7.3: Ratio of the 81 mm sphere responses with the connector of the
3He counter placed perpendicular to the beam axis and parallel to it.
to which all readings of the Bonner spheres were normalized. No fluence mea-
surements were carried out for E=14.8 MeV on the day of the Bonner sphere
calibration but former known calibration factors were used [Gul01]. Figure 7.2
sketches the position of the monitors with reference to the beam and the irradi-
ation location.
Reference monitors
The following instruments were used as reference monitors [Gul98, Gul01]:
1. Precision long counter
The precision long counter (PLC) consists of a long BF3 proportional counter
placed inside a large, specially shaped, moderating cylinder made of polyethy-
lene, boron loaded polyethylene, aluminium and cadmium. It is placed at
a distance of about 5.5 m from the target, at an angle of 100 degrees.
2. New monitor
The new monitor (NM) consists of a long cylindrical 3He proportional
counter surrounded by a cylindrical polyethylene layer 15 cm thick. It
is mounted at a distance of 5.5 m from the target at an angle of 19 degrees.
3. The 3He proportional counter
A 3He proportional counter embedded inside a polyethylene moderator
(50 mm in diameter and 233 mm long) was placed on the right hand side
to the beam line, just beside it and upstream of the target.
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4. The Geiger-Mu¨ller counter
In order to measure the photon contribution a Geiger-Mu¨ller counter was
mounted on top of the production target.
5. The charge monitor
A charge monitor, which is placed in the beam line, is used for monitoring
the charge and thus the intensity of the beam impinging on the target. It
is not shown in Figure 7.2.
7.2 Background measurements
The various components of the neutron eld which contribute to the reading of


























Figure 7.4: Schematic representation of various neutron components. T:
direct neutrons, B: neutrons scattered within the target into the detector, Aout:
neutrons scattered by air away from the detector, Ain: neutrons scattered by
air into the detector, S: neutrons scattered by the walls of the experimental
hall into the detector.
The contribution of neutrons scattered by the air away from the detector is small
as compared to the other neutron components and thus it was not considered
further. Besides the neutrons coming directly from the neutron producing tar-
get (T ), there are also contributions from neutrons scattered in the target, in
CHAPTER 7. CALIBRATION WITH NEUTRON BEAMS 57
particular in the target backing (B), in the air (Ain) and from the walls of the
experimental hall (S). If a shadow cone is placed between target and detector,
the detector can be shielded from the neutron components T and B. Thus the
contributions from S and Ain to the counter reading can be measured and sub-
tracted. For precise measurements the aperture and position of the shadow cone
must be optimized with respect to the target and detector geometry to avoid
both unwanted neutron transmission and overshadowing. This method is usually
employed at large source-to-detector distances. Corrections for beam divergence
and non-isotropy of the neutron emission can therefore be neglected. Table 7.2
shows the parameters of the shadow cones which were used for the calibration
measurements of the extended-range Bonner sphere spectrometer.
Table 7.2: Geometrical parameters of the shadow cones used in the measure-





1.875 320 81 mm, 81Cd, 108 mm, Stanlio
3.2 181 133 mm, 178 mm
5 110 233 mm, Ollio
The dierence of the readings without, M , and with shadow cone, MS , both
normalized to the same number of monitor counts, corresponds to the sum of the
readings MT and MB, due to the neutron components T and B, respectively:
M −MS = MT + MB = RT +
∫
R,B(E)(dB(E)=dE)dE (7.1)
with T , the fluence of direct neutrons at the detector position; B , the fluence of
target-scattered neutrons at the centre of the detector; R, the fluence response
to direct neutrons; R,B, the fluence response to target-scattered neutrons.
The ratio of the detector readings with and without shadow cone depends on the
sphere and on the neutron energy and is summarized in Table 7.3. It can be
seen that the small spheres are more sensitive to scattered neutrons, since these
neutrons have obviously much lower energies than the direct ones.
The fluence measurements at E=144 keV, 1.2 MeV and 5 MeV provided calibra-
tion factors for the reference monitors for direct neutrons, while at E=14.8 MeV
the calibration factors are given for total neutrons above E=13.5 MeV, which are
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Table 7.3: Contribution to the counter reading due to neutrons scattered by
the air and the walls of the calibration facility into the detector.
Energy
Sphere
14.8 MeV 5 MeV 1.2 MeV 144 keV
81Cd 62 % 22 % 25 % 15 %
81 mm 71 % 26 % 29 % 17 %
108 mm 48 % 13 % 18 % 14 %
133 mm 34 % 8 % 13 % 11 %
178 mm 21 % 5 % 10 % 10 %
233 mm 12 % 3 % 7 % 8 %
Stanlio 30 % 15 % 24 % 16 %
Ollio 8 % 3 % 5 % 6 %
anyway dominated by the direct ones. By means of measurements with and with-
out shadow cone it cannot be distinguished between direct and target-scattered
neutrons or neutrons below and above E=13.5 MeV. Thus these contributions
have to be subtracted from the detector reading, M −Ms, in the data analysis
by folding the response function with the fluence spectra of the target scattered
neutrons or total neutrons above E=13.5 MeV, respectively.
The calculated fluence spectra of target-scattered neutrons and direct neutrons
were provided by Schlegel [Sch01] using the TARGET code [Sch98]. The calcula-
tion includes proton transport, neutron production and transport in the target,
and the attenuation in air. The spectral distribution of direct neutrons, T , which
reach the detector without any collisions (unscattered), us(E), and the contri-
bution of neutrons scattered in the target, B or sc(E), are calculated separately.
The results of these calculations are shown in Figure 7.5. Knowing this, the de-
tector reading due to the direct neutrons can be easily determined for the energies
E=144 keV and 1.2 MeV by calculating
∫
R,B(E)(dB(E)=dE)dE from equa-
tion 7.1. In contrast, for E=14.8 MeV the total contribution of neutrons above
E=13.5 MeV has to be considered which is given by
∫1
13.5 R(E)(d(E)=dE)dE.
For E=5 MeV the eect of neutron scattering in the target is negligible since a
gas target was used (see Figure 7.6).
Thus at E=144 keV and 1.2 MeV the correction for the target-scattered neutrons
is given by the fraction of the response due to direct neutrons to the total response
(direct plus target-scattered neutrons) derived from equation 7.1 and the data of
Figure 7.5 by
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14.8 MeV 1.2 MeV
144 keV
Figure 7.5: Unscattered (solid line) and target-scattered (dotted line) neu-
tron spectral distributions at the centre of the detector calculated by TARGET
for mean neutron energies: E=14.8 MeV (top left), E=1.2 MeV (top right)








where Ri is the detector response, i,us the unscattered neutron fluence and i,sc









has to be applied to correct the detector reading due to target-scattered neutrons.
Here again, Ri is the response and i is the sum of the unscattered and scattered
neutron fluence for a certain energy bin. The values of the correction factors fus
and f>13.5 are summarized in Table 7.4.
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Table 7.4: Ratio of the response of the Bonner spheres to direct neutrons to
the response to direct and target-scattered neutrons. The Table gives f(E)us as
it is dened in Equation 7.2 for E=1.2 MeV and 144 keV and fE>13.5 as it is
dened in Equation 7.3 for E=14.8 MeV.
Energy
Sphere
14.8 MeV 1.2 MeV 144 keV
81Cd 0.960.03 0.940.01 0.970.02
81 mm 0.950.03 0.940.01 0.970.01
108 mm 0.960.02 0.950.01 0.980.01
133 mm 0.970.01 0.960.01 0.980.01
178 mm 0.980.01 0.970.01 0.980.01
233 mm 0.980.01 0.980.01 0.980.01
Stanlio 0.990.02 0.940.02 0.970.02
Ollio 0.990.01 0.980.01 0.990.03
5 MeV
Figure 7.6: Unscattered neutron spectral distribution at the centre of the
detector provided by [Sch01] for the mean neutron energy of E=5 MeV.
At E=5 MeV measurements done without gas lling become important in order to
evaluate the contribution of neutrons that are produced in the entrance window.
Table 7.5 shows the percentage of the detector reading from neutrons produced in
a gas target without lling to one with gas lling, which is of the order of 1-2 %.
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Table 7.5: Contribution of neutrons produced in the entrance window for a
nominal neutron beam energy of E=5 MeV. The table gives the percentage of
the detector readings without gas lling compared to the ones with gas lling.
Spheres
Energy
81Cd 81 mm 108 mm 133 mm 178 mm 233 mm Stanlio Ollio
5 MeV 2.0 % 1.8 % 1.4 % 1.3 % 1.2 % 1.0 % 1.4 % 0.9 %
7.3 Data analysis and results
For all measurements with the Bonner spheres a pulse height spectrum of the
3He proportional counter was acquired in order to verify the proper functioning
of the electronics. The count rates obtained were between 16 and 3200 ct/s for
measurements without shadow cone, between 0.8 and 600 ct/s for measurements
with shadow cones and between 3 and 30 ct/s for measurements without gas
lling in the target. Thus no pile up in the counter occurred and no dead time
corrections had to be applied as measurements in a high-intensity calibration eld
have shown (Chapter 9). The integral detector counts above threshold were for
measurements without the shadow cone usually between 60000 and 100000 ct,
for measurements with shadow cone between 10000 and 40000 ct and for mea-
surements without gas lling usually between 5000 and 25000 ct in order to keep
the statistical uncertainties of the measurements low.
The readings of the Bonner spheres were normalized to four of the ve reference
monitors which were running in parallel. Thus, a mean fluence response hRi of
each measurement was evaluated by using the calibration factors of the reference
monitors obtained from the fluence measurements [Gul01]. The Geiger-Mu¨ller
counter was not used for normalization, because it is a photon detector and
cannot provide precise results in a neutron eld.
Measurements without shadow cone lead to a raw fluence response hRxi, which
results from direct neutrons, from neutrons scattered from the walls, in the air
and in the target material. In order to obtain the fluence response of the Bon-
ner spheres to direct neutrons only, hRi, all contributions of the background, as
studied in Section 7.2, have to be subtracted from the raw fluence response:
hRE=14.8i = (hRxi − hRsi)  fE>13.5 (7.4)
hRE=5i = hRxi − hRsi − hRngi (7.5)
hRE=1.2i = (hRxi − hRsi)  fus(1:2) (7.6)
hRE=144i = (hRxi − hRsi)  fus(144) (7.7)
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where hRE=14.8i, hRE=5i, hRE=1.2i and hRE=144i are the mean fluence responses
to direct neutrons of the energies E=14.8 MeV, 5 MeV, 1.2 MeV and 144 keV,
respectively, hRsi the mean fluence response from measurements with shadow
cone, hRngi the mean fluence response from measurements without gas lling,
fE>13.5 the fraction of fluence response due to neutrons above E=13.5 MeV and
f(E)us the fraction of fluence response due to direct neutrons. The results of the
calibration measurements are shown in Table 7.6
Table 7.6: Experimental absolute mean fluence responses hRE=14.8i, hRE=5i,
hRE=1.2i and hRE=144i for the nominal neutron energies E=14.8 MeV, 5 MeV,
1.2 MeV and 144 keV, respectively, of the extended-range Bonner sphere set.
Counts per unit neutron fluence [cm2]
Sphere
14.8 MeV 5 MeV 1.2 MeV 144 keV
81Cd 0.0510.002 0.1130.002 0.4040.008 1.1970.028
81 mm 0.0410.002 0.1190.008 0.4210.008 1.1990.033
108 mm 0.1780.005 0.4760.037 1.3370.022 2.3860.052
133 mm 0.3960.007 1.0080.052 2.2010.030 2.8480.102
178 mm 0.8350.013 1.8080.086 2.8080.039 2.1820.051
233 mm 1.2410.016 2.2260.113 2.2630.031 0.9840.030
Stanlio 0.1790.004 0.1590.005 0.3690.008 0.9510.020
Ollio 0.8160.010 1.0850.039 0.9090.012 0.1920.006
7.4 Comparison of simulated to measured re-
sponse
The comparison of the simulated responses with the measured ones allows to draw
the following conclusions. If the ratio of the calculated to measured response is
constant at all energies for a given sphere, the shape of the simulated response
functions is correct. Then the value of this ratio is the wanted calibration factor
for the Bonner sphere system.
In Section 6.2 two sets of response functions were presented. The rst one is based
on nominal sphere parameters, i.e. for ideal Bonner spheres, made of polyethylene
of the same density and without signicant gaps between the moderator layers.
As it was shown in Section 6.2.1 this situation does not represent the reality. The
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spheres are not completely spherical, the polyethylene density varies between the
dierent spheres and an air-gap exists between the counter and the moderator,
which was not possible to measure precisely. Therefore, a maximum deviation
of these parameters was determined which resulted in a modied set of response
functions. These modied response functions take into account the major sources
of uncertainties. These are the air-gap which aects all spheres and additionally
for Stanlio a slightly dierent polyethylene density. It is assumed that the true
response functions are in between these two sets. The other uncertainties, like
diameter and density (apart from Stanlio) variations, are of minor magnitude and
therefore only their upper limits were calculated to be applied to the nal results.
Figures 7.5 and 7.6 have shown that the direct neutrons produced in the target
are not -function like but show an energy distribution with a FWHM as given in
Table 7.1 and characterized as us in Section 7.2. The measured fluence responses,
as presented in Section 7.3, are therefore not exactly discrete fluence responses
at the energies E=14.8 MeV, 5 MeV, 1.2 MeV and 144 keV, but responses to
the spectral neutron fluences us, which are very narrowly peaked around the
nominal energies anyway. Hence the calculated response functions have to be
folded with us in order to match the experimental conditions. Tables 7.7 and
7.8 list these results for the nominal and modied response functions.
Table 7.7: Calculated absolute fluence response of the Bonner sphere set using
the nominal response functions as described in Section 6.2. The quoted uncer-
tainties are only statistical.
Counts per unit neutron fluence [cm2]
Sphere
14.8 MeV 5 MeV 1.2 MeV 144 keV
81Cd 0.0600.001 0.1690.004 0.5770.013 1.3340.031
81 mm 0.0510.001 0.1720.004 0.6120.014 1.4350.033
108 mm 0.1870.004 0.5530.013 1.5380.035 2.5330.059
133 mm 0.4040.009 1.1020.025 2.4680.055 2.8990.067
178 mm 0.8320.018 1.9770.045 3.0700.068 2.2350.052
233 mm 1.2410.027 2.4120.055 2.4480.054 1.0060.024
Stanlio 0.2310.014 0.2190.012 0.5110.024 1.1920.043
Ollio 0.9070.030 1.2610.040 1.0820.034 0.2090.006
From Tables 7.7 and 7.8 it can be seen that the dierences between nominal and
modied response is largest for the small spheres such as the 81 mm and 81Cd
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Table 7.8: Calculated absolute fluence response of the Bonner sphere set us-
ing the modied response functions as described in Section 6.2.1. The quoted
uncertainties are only statistical.
Counts per unit neutron fluence [cm2]
Sphere
14.8 MeV 5 MeV 1.2 MeV 144 keV
81Cd 0.0460.001 0.1260.002 0.4530.005 1.1860.014
81 mm 0.0350.001 0.1160.002 0.4350.005 1.1770.011
108 mm 0.1770.002 0.5340.003 1.5390.009 2.6420.014
133 mm 0.4020.002 1.1250.003 2.5690.009 3.1110.023
178 mm 0.8840.005 2.1060.007 3.3700.012 2.4830.014
233 mm 1.3410.004 2.6530.008 2.7850.012 1.2120.009
Stanlio 0.1660.002 0.1500.002 0.3730.004 0.9380.011
Ollio 0.8840.007 1.2650.004 1.0880.004 0.2190.004
spheres and Stanlio. These spheres are those most aected by the air-gap, as it
is also illustrated in Figure 7.7, which shows the ratios between measured and
calculated responses (Rm=Rc) of each sphere for both the nominal and modied
responses as a function of neutron energy. The straight lines indicate the weighted
mean of the two sets of data, which are plotted with their weighted error. The
nominal and modied responses dier by 20 % for the 81Cd and 81 mm spheres
and by 25 % for Stanlio. For the other spheres the dierence is less than 10 %,
being smallest for Ollio. It should also be noted that the ratios, Rm=Rc, for the
81Cd and 81 mm spheres show large fluctuations around their mean values.
The weighted error of the mean ratio, hRm=Rci, is 6.7 % for the 81Cd sphere and
5.1 % for the 81 mm sphere considering the nominal response functions. This
can be reduced to 3.8 % for the 81Cd and to 2.9 % for the 81 mm sphere taking
the modied response function into account. This fact suggests that the modied
response is actually closer to the real situation than the nominal one.
In Figure 7.8 the same data are plotted, however, in a dierent way. The gure
shows the ratio between measured and calculated response, Rm=Rc, considering
the nominal and modied response functions for each energy for the dierent
spheres. The straight lines are again the weighted mean, hRm=Rci, of the ratios
between measured and calculated nominal as well as modied responses. It can
be seen that for E=14.8 MeV, 1.2 MeV and 144 keV the weighted mean changes
by less than 7 % between the nominal and modied data.









































Figure 7.7: Ratios of the measured to the calculated nominal and modied
responses of each Bonner sphere as a function of the neutron energy. The
weighted mean and its weighted error are indicated as well for the two sets of
data.
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+ 5 MeV= 0.760 0.041
= 0.902 0.024




+ 1.2 MeV= 0.797 0.037
= 0.854 0.016




+ 144 keV= 0.917 0.024
= 0.929 0.026
Figure 7.8: Ratios of the measured to the calculated nominal and modied
responses for neutron energies E=14.8 MeV, 5 MeV, 1.2 MeV and 144 keV
given for the various Bonner spheres. The weighted mean and its weighted
error are indicated as well for the two sets of data.
For E=5 MeV in Figure 7.8 the dierence is larger as compared to the other
energies since the weighted mean of the nominal responses is ‘pulled down’ by the
small statistical uncertainty of the 81Cd sphere. In general, the weighted errors
of the mean ratios are reduced by up to a factor 2 for the modied responses as
compared to the nominal ones, except for E=144 keV where the two weighted
errors are comparable.
Combining Figures 7.7 and 7.8 into two plots results in Figure 7.9. The plots
show the average ratios of the measured to calculated responses, r = hRm=Rci,
over either all calibration energies for the dierent spheres or over all spheres at a
given calibration energy. It can be observed that the weighted mean value of the
average ratios, hri, do not dier much regarding the nominal and modied data
set. Its dierence is smaller than 5 %. The weighted errors of hri are in the left
plot 3.2 % and in the right one 4.2 % considering the nominal response function
data. It can be reduced to 2.6 % and 2.3 %, i.e. almost a factor 2, taking the
modied response function data into account.
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Figure 7.9: Mean ratios of the measured to the calculated nominal and
modied responses. Left: averaged over all calibration energies for a given
sphere. Right averaged over all spheres at a given calibration energy. The
weighted mean of the mean ratios and its weighted error are indicated as well
for both sets of data.
Table 7.9: Calculated mean absolute fluence response of the Bonner sphere set
including the statistical uncertainties of the Monte-Carlo simulations as well as
uncertainties due to variations of the sphere geometry, density and diameter.
Counts per unit neutron fluence [cm2]
Sphere
14.8 MeV 5 MeV 1.2 MeV 144 keV
81Cd 0.0530.008 0.1480.023 0.5150.069 1.2600.104
81 mm 0.0430.008 0.1440.029 0.5240.094 1.3060.149
108 mm 0.1820.014 0.5440.042 1.5390.115 2.5880.200
133 mm 0.4030.022 1.1140.064 2.5190.149 3.0050.199
178 mm 0.8580.053 2.0420.131 3.2200.233 2.3590.181
233 mm 1.2910.087 2.5330.186 2.6170.222 1.1090.120
Stanlio 0.1990.037 0.1850.038 0.4420.076 1.0650.145
Ollio 0.8960.057 1.2630.076 1.0850.065 0.2140.014
As already mentioned the nominal and modied response functions represent
the two extremes of the real situation. Thus one can specify a calculated mean
response by taking the mean value of the nominal and modied response. Its
uncertainty is given by several independent factors: the half dierence between
the minimum and maximum of the two responses, the statistical uncertainties of
the Monte-Carlo simulations and the uncertainties due to variations in density
and diameter of the spheres for which, apart from Stanlio, only an upper limit was
estimated (details can be found in Section 6.2). Table 7.9 shows the calculated
mean responses of the Bonner spheres for the four calibration energies.
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The calculated mean responses (Table 7.9) can be compared to the experimental
ones (Table 7.6) in the same way as already done before. Figure 7.10 shows
the ratio between the experimental responses and calculated mean responses,
Rm=Rc, for each sphere as a function of energy. The errors have been evaluated
in analogous way to those stated in Tables 7.6 and 7.9. The straight lines indicate
the weighted mean value of the data points, hRm=Rci. Compared to Figure 7.7 it
can clearly be seen that the fluctuation of the ratios, Rm=Rc, around their mean
value is reduced. Also, the weighted mean values agree for each sphere within
the uncertainties. Figure 7.10 also shows that for some spheres, especially for the
81 mm sphere and Stanlio, the uncertainties of the single data points have been
estimated too conservatively (see also Section 6.2).
The weighted average of all 32 ratios Rm=Rc, which are plotted in Figure 7.10,
results to an overall factor f which describes the dierence between experimental




= 0:899 0:014 with 2 = 0:42 (7.8)
The error of 0.014 represents the weighted error on the average of all 32 measure-
ments. The 2 value of 2=0.42 also indicates that in general the errors were
estimated conservatively.
As it can be seen, f , the ratio between the experimental and calculated response of
the Bonner sphere system is not unity. The reasons can be diverse: e.g. for the MC
simulations the eective volume of the 3He proportional counter was considered as
the total spherical volume of the counter. Since the 3He proportional counter was
a commercial one the technical drawings of it were not available. However, the
inner structure of the counter, i.e. the exact placement of the electrodes, can aect
the eective volume of the detector. In addition, the real 3He partial pressure
cannot be measured and therefore applied precisely to the MC simulations since
the counter is sealed. The MC simulations implement only the nominal pressure
of the counter. However, measurements with thermal neutrons [Tho88, Tho94]
have shown that counters of the same type and the same nominal pressure behave
(with respect to fluence response) as if they have various pressures, the dispersion
observed being about 12 %.
The factor f , the ratio between the calibration measurements and the calcula-
tions, determines indirectly the unmeasurable detector parameters like the eec-
tive volume or the gas pressure of the counter. The reciprocal value of f gives the
calibration factor of the Bonner sphere system for this specic 3He proportional
counter. It has to be applied to all the experimental data in order to compare
them correctly to the simulated one.
fc = 1:112 0:017 (7.9)
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<Rm/ Rc> += 0.876 0.051 <Rm/ Rc> + 0.016= 0.879
<Rm/ Rc> += 0.912 0.024 <Rm/ Rc> += 0.922 0.025
<Rm/ Rc> += 0.915 0.024 <Rm/ Rc> += 0.901 0.023
<Rm/ Rc> += 0.873 0.015 <Rm/ Rc> += 0.871 0.017
Figure 7.10: Ratios of the measured responses to the calculated mean
responses of each Bonner spheres as a function of neutron energy. The error
bars include the statistical uncertainties of the measurement, the Monte-Carlo
simulations as well as the uncertainties due to the variations of the sphere




Experiments of the extended-range Bonner sphere spectrometer with radionuclide
neutron sources were performed in collaboration with the University of Milan and
another CERN group and are extensively described in [Cap00] and [Bir01]. The
analysis of these measurements included only the nominal response functions of
the spheres. This chapter gives a brief summary of the results and revises them
according to the modied response functions developed in this work.
8.1 Experimental set-up
The measurements were carried out in the calibration laboratory at CERN. A
241Am-Be source was used with an emission rate of 6.94105 neutrons per second,
i.e. a flux of 5.52 s−1cm−2 at 1 m distance. In order to evaluate the response of
the BSS to the pure Am-Be eld the reading had to be corrected for all addi-
tional eects, including those originating from the detector size and from neutron
scattering in the air and by the laboratory walls. This was done by applying the
semi-empirical method of calibration procedures described in the report [ISO99b]
of the International Organization for Standardization.
8.2 Results
The computed response functions of the extended BSS to monoenergetic neutrons
were folded with the spectral fluences of an 241Am-Be source for the comparison
of the experimental and calculated detector response to the source. The spec-
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Table 8.1: Experimental and calculated detector responses (counts per unit
fluence) of the extended-range Bonner sphere spectrometer to neutrons from an
Am-Be source using both the nominal and the modied response functions for
the analysis including the statistical uncertainties of the experiment and the
MC simulations. The last column gives the mean of the previous two. Its error
includes the statistical uncertainties of the MC simulations as well as uncertainties
due to variations of the sphere geometry, density and diameter.
Counts per unit neutron fluence [cm2]
Sphere
Experimental Calcnom Calcmod Calcmean
81Cd 0.2800.006 0.340.02 0.280.001 0.310.04
81 mm 0.2740.008 0.360.03 0.270.003 0.320.06
108 mm 0.8350.022 0.910.06 0.880.044 0.900.10
133 mm 1.5020.029 1.480.10 1.530.015 1.510.13
178 mm 2.1800.043 2.140.15 2.310.139 2.230.22
233 mm 2.2410.045 2.260.16 2.470.207 2.370.30
Stanlio 0.3190.008 0.360.03 0.260.044 0.310.07
Ollio 1.0160.020 1.080.08 1.110.088 1.100.13
trum of the Am-Be source was taken from [ISO99a]. Table 8.1 summarizes the
detector response obtained by using the nominal and modied response functions
in the folding. The experimental data and the calculated data using the nominal
response functions, Calcnom, were taken from [Bir01], while the calculated data
using the modied response functions, Calcmod, and the mean ones, Calcmean,
were calculated from the result of this thesis. From Table 8.1 and Figure 8.1 it
can be seen that the measurements with the smallest spheres (81Cd, 81 mm and
Stanlio) show large deviations from the calculations with the nominal response
functions. This result was interpreted in [Bir01] as the limitation of the semi-
empirical method in correcting large influences of scattering neutrons from the
laboratory walls. The neutron scattering was for the 81Cd and 81 mm spheres of
the same order as the reading to direct neutrons, for the Stanlio 60 % and for
all the others less than 6 %.
However, applying the modied response functions and comparing experimental
and calculated data (Figure 8.1) shows that the experimental detector response of
the smallest sphere changes by up to 30 %. As already mentioned, the two sets of
response functions represent the two extremes of the real situation. Thus, a mean
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Figure 8.1: Ratio of the measured detector responses to the calculated ones
derived from both the nominal and the modied response functions for the
Bonner spheres exposed to 241Am-Be.
response Calcmean was calculated from the average of Calcnom and Calcmod (Ta-
ble 8.1). The uncertainty is given by half the dierence between minimum and
maximum, the statistical uncertainties from the Monte-Carlo calculations and
the uncertainties due to variation of the density and the diameter as described in
sections 6.2 and 7.3. The calculated mean detector response can be compared to
the experimental ones in the same way as already done in Figure 8.1. This leads
to an overall factor between experiment and simulation of fAm−Be=0.9490.038.
fAm−Be is comparable to f=0:899 0:014 (Equation 7.8) determined by the cali-
bration measurements, but less reliable since the measurement conditions in the
CERN calibration laboratory were not as precise as at the PTB calibration facil-
ity. Nevertheless fAm−Be and f agree very well within their uncertainties.
Figure 8.2: Ratio of the normalized measured response to the calculated
mean one for the Bonner spheres exposed to 241Am-Be.
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Figure 8.2 shows the ratio of the normalized experimental response compared
to the calculated mean response after applying the calibration factor fc from
Equation 7.9. It can be seen that the experimental and calculated responses of
the Bonner spheres agree very well within the uncertainties.
Chapter 9
Measurements in reference elds
After the calibration at the PTB, the new extended-range Bonner sphere spec-
trometer was tested in a well characterized high-energy neutron eld. Such a
reference facility is available at CERN since 1992. This ‘High Energy Refer-
ence Field’ (CERF) facility is located in one of the H6 beam lines in the North
Experimental Area of the SPS.
9.1 H6 area
The H6 beam is derived from the T4 target station served by a primary pro-
ton beam with a momentum of p=450 GeV/c and since July 2000 by protons
of p=400 GeV/c with typical intensities of several 1012 protons per spill. The
target is made of a 2 mm160 mm beryllium plate 300 mm long. The beam
line can be operated to transport secondary particles in the momentum range
5 GeV/cp205 GeV/c. The CERF facility is situated about 405 m downstream
of the Be-target [Els98b].
The layout of the target station T4 is shown schematically in Figure 9.1. The
direction of incidence of the primary proton beam onto the target is governed by
two magnets, B1T and B2T. Magnets B3T and BEND1(H6) serve to direct the
secondary particles of wanted sign, momentum and production angle into the H6
line and to deviate the remaining beam onto the dump. Production angles up to
15 mrad are attainable with protons impinging on the target along the beam axis
[Amb99]. Larger production angles (up to 30 mrad) can be obtained by changing
the angle of incidence of the primary beam on the target by means of the magnets
B1T and B2T.
Three kinds of collimators serve to dene the horizontal and vertical acceptance
and the transmitted momentum interval. They can be opened up to 45 mm.
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Figure 9.1: Schematic plan of target station T4 [Amb99].
Table 9.1 gives a summary of the collimator settings that are required for CERF
measurements.
Table 9.1: Collimator settings for CERF measurements.
Collimator Acceptance Setting Distance from T4
C1 horizontal 20 mm 64 m
C2 p/p 20 mm 125 m
C3 p/p tunable 125 m
C5 horizontal tunable 188 m
C6 vertical 30 mm 188 m
C8 p/p 45 mm 380 m
C10 horizontal 45 mm 44 m
C11 vertical 45 mm 48 m
Several scintillators and Multiwire Proportional Chambers (MWPC) located along
the beam line are used to monitor the steering of the beam and to record the spot
size and the position of the beam. The scintillator Trigger4 (called Tr4) served
to calibrate the beam monitor of CERF, a Precision Ionization Chamber (PIC),
in 1999. Figure 9.2 shows the layout of the H6 beam line indicating the position
of magnets, collimators, beam scintillators, MWPCs and the CERF facility.













































Figure 9.2: Elements of the H6 beam optics in the horizontal and verti-
cal planes. Not to scale. The solid line indicates the excursion of a particle
with an angular oset at T4 (1 mrad) and the dotted line shows the trajec-
tories of on-axis particles with a momentum dierent from the nominal one
(p/p1 %) [Amb99].
9.2 CERF beam monitor
The beam at CERF is monitored by a Precision Ionization Chamber (PIC), which
is installed about 405 m downstream the T4 production target. It is an open air
ionization chamber with cylindrical shape. Its sensitive volume is 0.86 litres (di-
ameter: 185 mm, active length: 32 mm). The exact design of the PIC is described
in [Aro93]. The charge produced by ionization of the beam in this volume is col-
lected at a capacitor. Whenever this charge attains a predened threshold, the
capacitor is discharged and issues one count that is a measure of the number of
beam particles which have produced this charge.
The PIC serves to normalize the experimental data to the number of particles in
the H6 beam. Thus an exact knowledge of the PIC performance and its calibration
factor is essential.
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9.2.1 Performance tests of the CERF beam monitor
The proper functioning of the PIC was tested in the calibration laboratory of
CERN with gamma sources, in order to investigate the warming-up time, the
noise, the linearity, the leakage current and the region of ion saturation of the
chamber.
The voltage of the PIC was set to the nominal value of U=250 V for all measure-
ments; only for determining the region of ion saturation the voltage was varied
between U=11 V and U=330 V. The chamber was irradiated with gamma sources
of dierent activity in order to cover four orders of magnitude in air kerma rate.
The measuring time diered depending on the type of measurements. The experi-
ments were performed on two dierent days (25th November and 14th December
1999). During these measurements the air pressure, the room temperature and
the relative humidity were p=9821 hPa, T=294.650.3 k, rH=25.71.5% and
p=9511 hPa, T=296.750.4 k, rH=28.71.5%, respectively. The factor for cor-


















= 0:96 0:03 (9.2)
was obtained, where R1, T1, p1 and R2, T2, p2 are the count rate, the absolute
temperature and the air pressure during the measurements in November and
December, respectively.
9.2.1.1 Stabilisation tests
On 14th December 1999, data were taken immediately after switching on the
PIC. This gives information about the warming-up time of the electronics until
it reaches stable working conditions. The measurements were performed at air
kerma rates ranging from _K a=5 Gy/h to 400 Gy/h. Figure 9.3 shows the
sensitivity of the PIC as a function of air kerma rate. The values obtained from
the PIC were corrected for variation of temperature and pressure according to
equation 9.2. The solid line in the plot is drawn to guide the eye. As can be
clearly seen it takes about two hours until stable experimental conditions are
established.
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Figure 9.3: Sensitivity of the PIC as a function of time after switching on
the power (symbols). The solid line is drawn to guide the eye.
9.2.1.2 Noise
Long term measurements in the calibration laboratory showed that the electronics
of the PIC is not aected by any electronic noise. There were no counts due to
noise during this period.
9.2.1.3 Linearity tests
The linearity tests for the PIC were performed during both measurements by
irradiating the PIC with sources of the isotope 137Cs of dierent activities to
obtain an air kerma rate ranging from _Ka=5 Gy/h up to 30 mGy/h. The
results of these experiments are presented in Figure 9.4.
It shows the number of counts per second as a function of air kerma rate for the
two measurements. The data from the second measurement were additionally
corrected for temperature and pressure variation (see Equation 9.2) in order to
be able to compare the results. The t through the two data sets gives straight
lines with the following parameters for y = k1  x + k0:
Measurement November:
k0 = (−0:06 0:01) ct
s
k1 = (0:0146 0:0001) ct  h
s  Gy (9.3)
2=ndf = 0:85
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Figure 9.4: Measured count rate as a function of air kerma rate for the two
measurements (symbols). The lines are linear ts through the experimental
data points.
Measurement December:
k0 = (−0:0007 0:0025) ct
s
k1 = (0:0141 0:0002) ct  h
s  Gy (9.4)
2=ndf = 0:11
Thus the results of the ts in Figure 9.4 prove the linearity of the PIC in the
eective range between an air kerma of rate _Ka=5 Gy/h and 30 mGy/h. It can
also be seen that the two ts coincide very well which conrms the reproducibility
of the ionization chamber.
9.2.1.4 Leakage currents
Another important task was to investigate if any leakage currents occur in the
PIC. This is of major interest for experiments in the H6 beam with extremely low
beam intensities, e.g. 10-50 PIC counts per SPS spill. Under these conditions, a
leakage of the capacity of the digitizer in the PIC during the time between two
spills (12 s) could falsify the PIC response dramatically.
In order to investigate this eect, the results obtained from the linearity tests
(see Chapter 9.2.1.3) were divided by the used air kerma rate. The values at
_Ka=5, 10 and 15 Gy/h of the November measurements were dismissed since
they show error bars of more than 100%. Figure 9.5 shows the number of counts
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per unit dose as a function of air kerma rate for the measurements in November
and December. The solid line gives the t of the experimental data with t
parameter k0:




Figure 9.5: Count rate as a function of air kerma rate of measurements
in November and December (symbols). The solid line is a t through the
experimental data.
For these data an additional error had to be taken into account to the usual
statistical errors of the measurements, which was derived from the uncertainty of
the air kerma rate _Ka of 2.2 % [Ott99]. The lowest air kerma rate _Ka=5 Gy/h
correlates to about 1 count every t=13 s. This reproduces very well the spill
cycle in H6 of about t=14 s. If there was a leakage current of the PIC during
this period a decrease of the count rate towards low air kerma rates would be
observed. As seen from Figure 9.5 this is not the case. This means that the
collecting capacitor of the PIC does not have any signicant leakage between two
SPS spills.
9.2.1.5 Region of ion saturation
In an ionization chamber one can always nd an equilibrium between recombina-
tion and separation of the produced ion pairs depending on the applied voltage.
The separated ion pairs are collected at the electrode and thus contribute to an
ion current. At a suciently high applied voltage, the electric eld is strong
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enough to suppress recombination and all the originally produced charges con-
tribute to the ion current. Increasing the voltage further cannot increase the
ion current because all charges are already collected. This is called the region
of ion saturation in which an ionization chamber should be operated [Kno79].
Under these conditions the ion current indicates correctly the rate of formation
of all charges due to ionization within the active volume of the chamber. If that
is not the case correction factors have to be applied to obtain correct results.
These correction factors depend strongly on the dose rate to which the ionization
chamber is exposed. The higher the dose rate and thus the space charge, the
higher is the recombination probability and the electric eld needed to suppress
the recombination.
In the following experiment it was investigated whether the PIC is still working
in the region of ion saturation for the maximum obtainable air kerma rate in the
calibration laboratory. For this purpose the PIC was irradiated with an air kerma
rate of _Ka=30 mGy/h for dierent voltages between U=11 V and 330 V.
Operating Voltage
Figure 9.6: PIC count rate as a function of PIC voltage. The operating
voltage of U=250 V lies in the region of ion saturation.
Figure 9.6 gives the results of these measurements in a plot of PIC count rate
as a function of the PIC voltage. It can be seen that the PIC operating voltage
of U=250 V lies within the region of ion saturation for air kerma rates up to
30 mGy/h produced by photon irradiation.
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9.2.2 Recombination losses of the CERF beam monitor
operating in the H6 beam
The measurements discussed in Section 9.2.1.5 have shown that the PIC is oper-
ating within the region of ion saturation for homogeneous gamma irradiation
with air kerma rates up to _Ka=30 mGy/h. Since at CERF the beam consists
of hadrons with dimensions of typically a few centimetres the results obtained
from the gamma measurements are not easily adaptable to the H6 environment.
Therefore voltage characteristic curves of the PIC for dierent H6 beam intensi-
ties were recorded. For this purpose the collimator settings were varied in order
to obtain PIC count rates between 310 and 22400 counts/spill (see Table 9.2).
Table 9.2: Parameters during the measurements of the voltage characteristic
curves of the PIC.
Saturation PIC-Rate Beam Fluctuation Settings
[ct/spill] [%] Collimator3 Collimator5
 310 2.4 1 3
 6300 7.5 15 20
 10800 3.2 30 20
 16800 5.2 20 15
 19600 4.1 20 20
 22400 3.3 25 25
For each collimator setting data were taken for the voltages U=25 V, 50 V, 100 V,
150 V, 200 V, 300 V, 400 V and 500 V. Additionally, the number of primary
protons on the T4 target was recorded in order to correct the PIC reading due
to beam intensity fluctuations. Although, the measurements were performed in a
period of very stable beam conditions. The half dierence between the maximum
and minimum beam intensity during the data acquisition of each saturation curve
lies between 2.4% and 7.5%.
For each voltage setting up to ve PIC responses per spill and the respective
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which is the average of the PIC count rates (PICcount=spill) normalized to the
proton rate on T4 (pT4=spill) for one voltage setting, multiplied with the mean
proton rate for each collimator setting is plotted in Figure 9.7 as a function of
PIC voltage and beam collimator setting. The uncertainty derives from error
propagation of the single standard deviations.
Operating Voltage
Figure 9.7: Voltage characteristic curves of the PIC for dierent beam
intensities, i.e dierent collimator settings (symbols) as given in Table 9.2.
The PIC count rate is corrected for slight beam fluctuations.
Figure 9.7 shows clearly that the nominal voltage setting of the PIC U=250 V lies
within the uncertainties in the region of ion saturation for all measured H6 beam
intensities. Thus up to about 22400 PIC counts per spill no correction factors
due to recombination losses are required for the CERF beam monitor.
9.2.3 Calibration of the CERF beam monitor
The PIC was calibrated for the rst time in 1993/94 in a series of activation
measurements, using plastic scintillators, graphite plates and polyethylene foils
[Car93, Hoo93, Liu93, Roe94, Ste94a, Ste94b]. These measurements gave a cali-
bration factor of 2.2104 beam particles per PIC count, with an uncertainty of
10 %. In 1998 a verication of the PIC calibration was done by comparing
the responses of the PIC with three scintillators installed in the H6-beam line
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[Els98a]. The results of these measurements showed that the calibration factor is
in agreement with the 1993/94 measurements.
In 1999 the PIC was calibrated again with beam scintillators, however in a more
precise way, i.e. by measuring the background and subtracting it from the detector
signals, by correcting the scintillator signal according to its dead time, and by
performing a detailed error analysis.
9.2.3.1 Experimental set-up
Low-intensity measurements were carried out in the H6 beam line from 5 to 13 Au-
gust 1999 within the ATLAS background benchmarking measurements [Gsc00a]
with a beam of p=120 GeV/c and p=40 GeV/c positive hadrons. The total SPS
cycle had a period of t=14.4 s with a spill of t=2.58 s. Details about the data
acquisition and analysis can be found in [Gsc00b]. Here only the high-intensity
measurements are presented and compared with the results of the low-intensity
ones.
The high-intensity measurements were performed in the H6 beam line on 27 May
1999 within the CERF runs with positive hadrons of p=120 GeV/c. The total
SPS cycle of t=14.4 s had a spill of t=2.37 s [Ard00].
The H6 beam consists of dierent fractions of protons, pions and kaons depending
on the beam momentum. The composition of the beam at the position of the
PIC is shown in Table 9.3 [Vin99].
Table 9.3: H6 beam particle composition for p=40GeV/c and p=120GeV/c .
Beam momentum pions (+) protons Kaons (K+)
40 GeV/c 85% 12% 3%
120 GeV/c 61% 35% 4%
The beam scintillator Tr4 which is situated closest to the PIC was chosen for
the calibration. It is installed 40 m upstream of the PIC and routinely used for
aligning the beam. This scintillator has a diameter of 10 cm, a thickness of 2 mm
and is partly surrounded by a light-guide. The beam scintillator gives a signal
for each particle in the beam but saturates already at about 1.5107 particles
per spill. First, the operating point of the scintillation counter had to be chosen
by varying the high-voltage of the photomultiplier (PMT) and by recording the
counts of the scintillator normalized to the primary particles hitting the T4 target.
As it can be seen from Figure 9.8 a good operating voltage is between U=-2.15 kV
and -2.05 kV. For the calibration measurements the high-voltage of the scintillator
was set to U=-(2.100.05) kV.
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Figure 9.8: Counts of the beam scintillator Trigger4 normalized to the
primary particles on the production target T4 as a function of high-voltage
(HV) of the photomultiplier (PMT). A good operating point of the beam
scintillator lies between U=-2.15 kV and -2.05 kV.
9.2.3.2 Measurements
In order to calculate the calibration factor Γ of the PIC, i.e. the relation between
PIC counts and the number of particles in the beam, the number of counts of the
PIC were compared with those of the beam scintillator.
The PIC counts were read out online with a LabView Programme running on
a PC. The number of beam scintillator counts were received directly from the
SPS beam-control programme. The counting time lasted the entire spill length of
t=2.37 s. The beam intensity was changed by adjusting the aperture of collima-
tors C3 and C5. The other collimators were set according to the CERF standard
settings (see Table 9.1). For each C3 and C5 setting data of 3 spills were taken.
The beam intensity range of 55 to 8000 PIC counts per SPS spill corresponds to
about 1.2106 to 1.8108 beam particles per spill, assuming the old calibration
factor of 2.2104 particles per PIC count.
Figure 9.9 shows the raw data obtained for the dierent collimator settings: the
Tr4 counts per spill as a function of beam intensity, i.e. PIC counts per spill.
At about 700 PIC counts per spill, which corresponds to approximately 1.5107
beam particles per spill, the response of the scintillator decreases already signi-
cantly due to its dead time losses. This is reflected in Figure 9.9 by the deviation
of the points from linearity. Above about 2000 PIC counts per spill, which corre-
sponds to about 8.8107 beam particles per spill, the response of the scintillator
Tr4 breaks down completely. In this condition the anode current in the photo-
multiplier tube is so high that the potentials of the dynodes cannot be kept at
their nominal values.
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Figure 9.9: Trigger4 counts as a function of the beam intensity measured
by the PIC. The counting time was the total spill length.
9.2.3.3 Analysis
Due to the high beam intensities during the measurements the correction for
dead time losses of the scintillator Tr4 is the most important task. When cal-
culating the eects of dead time the entire detector system must be taken into
account. Usually each element of a detector system has its own dead time which
can be either extendable (paralysable dead time model) or non extendable (non
paralysable dead time model) [Leo87]. The diculties which often arise are to de-
termine which model is applicable for the entire detector system. Many detector
systems are combinations of both, having some elements which are paralysable
and others which are not.
Since no information about the detector components and their dead times was
available the data analysis was done with both models. It was assumed that
they are the two extremes of the experimental set-up, and the true set-up lies in
between:




f 0 = f  e−τf
where f 0 is the measured count rate (in particles per second), f the true count
rate (in particles per second) and  the dead time (in seconds) of the scintillator
Tr4. Because the PIC does not saturate at these intensities the true count rate
of Tr4 is proportional to the PIC count rate. The factor of proportionality is in
fact the wanted calibration factor Γ of the PIC. This gives:
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non paralysable model paralysable model
f 0 =
Γ  PICcountrate
1 + Γ  PICcountrate f
0 = Γ  PICcountrate  e−τΓPICcountrate
It was shown by [Gsc00b] that the PIC and Tr4 show a response even if the H6
beam is switched o. The PIC background is so small compared to the high PIC
count rate, that it can be neglected. The Tr4 background (f
′
bg), however, has to
be subtracted from the measured Tr4 count rates:
f 0 − f 0bg =
Γ  PICcountrate





















Two equations (9.9 and 9.10) are obtained which can be used as t functions
through the data points in order to get estimates of the PIC calibration factor
Γ, the dead time  and the Tr4 background f
′
bg. Figure 9.10 shows the t to the
data points with the function for the non paralysable model (left) and for the
paralysable model (right).
Figure 9.10: Measured count rate by Tr4 as a function of the true count
rate by the PIC (symbols). Left: the solid line is a t with Equation (9.9)
according to the non paralysable model. Right: the solid line is a t with
Equation (9.10) according to the paralysable model. The experimental data
are given per second.
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Data points above 1700 PIC counts per second were excluded from the t because
in this region the limit of the photomultiplier electronics is reached and other
eects than the Tr4 dead time are dominating. For the remaining 24 data points
only a rounding error of 0.5 % of the Tr4 values was taken into account apart
from the statistical uncertainties of the measurements. The results of the ts are
summarized in Table 9.4.
Table 9.4: Fit results of the data using Equations 9.9 and 9.10 according to




Γ [particles/PIC-count] 2309468 2256757
 [ns] 28.00.3 21.80.2
f
′
bg [particles/s] 84372491 210962299
2/ndf 2.11 1.68
Taking the mean value of the calibration factors as obtained from the two tting
models, and assuming the half dierence between the two values of Γ plus their
errors to be equal to 1  uncertainty, the nal result becomes
Γhigh120 = (22831 279) particles/PIC-count: (9.11)
9.2.3.4 Comparison with the low-intensity measurements
For p=120GeV/c:
For the low-intensity runs [Gsc00b] Γ was measured to be
Γlow120 = (23696 178) particles/PIC-count: (9.12)
The high-intensity measurements of this work yield
Γhigh120 = (22831 279) particles/PIC-count: (9.13)
A nal calibration factor Γ120 was derived by taking the mean value of these two
independent measurements. Its error consists of two contributions: rst the error
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of the two results and second an additional systematic error of 4 % which comes
from the uncertainty of the HV setting. This yields the nal calibration factor
Γ120 = (23264 988) particles/PIC-count: (9.14)
For p=40GeV/c:
For completion, the p=40 GeV/c measurements [Gsc00b] are
Γ40 = (24475 337) particles/PIC-count: (9.15)
Comparing Γ for p=40GeV/c and p=120GeV/c:
Increasing the energy changes the particle composition of the beam and also the
energy loss of the single beam particles. Since the PIC is an ionization chamber,
dierent calibration factors Γ are expected for the two dierent beam momenta
p=40 GeV/c and p=120 GeV/c. Knowing the beam components and their energy
losses for dierent beam energies it is expected that the energy loss in the PIC
at p=40 GeV/c is  5 % lower than at p=120 GeV/c. This is in agreement with
the measurements of Γ40 and Γ120, see Equations 9.14 and 9.15.
9.3 Experimental set-up
After its calibration at PTB with monoenergetic neutrons the extended-range
Bonner sphere spectrometer was extensively tested in the reference eld of CERF
(CERN-EU high-energy Reference Field). The CERF facility is installed along
the H6 beam line 405 m downstream of the T4 production target. A secondary
beam of positively charged hadrons and with momentum of p=120 GeV/c is
stopped in a copper target which has a diameter of 7 cm and a length of 50 cm.
The intensity of the secondary beam is monitored by the PIC which is placed
in the beam just upstream of the copper target. The target can be placed at
two dierent positions inside an irradiation cave. The particles produced in the
target traverse a shielding on top of these two positions at 90 with respect to
the incoming beam direction. The shielding is made up of either 80 cm concrete
or 40 cm iron (Figures 9.11 and 9.12).
These roof-shields produce almost uniform radiation elds over two areas of
A=22 m2, each of them divided into 16 squares of A=5050 cm2. Each square
of these grids represents a reference exposure location. Additional measurement
positions are available behind the lateral shielding of the irradiation cave, again
at 90 with respect to the target as for the two roof positions. Shielding is either
80 cm or 160 cm thick concrete. At both positions 8 exposure locations (arranged
CHAPTER 9. MEASUREMENTS IN REFERENCE FIELDS 90
Beam Dump
Concrete Roof-Shield







Target below Concrete Roof-Shield
Figure 9.11: H6 area as simulated. The target can be placed either under
the concrete roof-shield (80 cm thick) as currently shown, or under the iron
roof-shield (40 cm thick). Reference positions are available on top of the














































































































Figure 9.12: Plan view of the CERF facility. Not to scale.
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in 24 grids made up of the same A=5050 cm2 squares) are provided. The nom-
inal measurement locations (the reference eld) are at the centre of each square
at 25 cm above the floor, i.e. at the centre of a 505050 cm3 air volume (Figure




















Figure 9.13: The refer-
ence grid with the 16 expo-
sure positions used on the
concrete roof-shield and
iron roof-shield. Position
C is an additional reference
position which was used. It
is located on the edge of
the reference grid between
position 8 and 12. The lo-
cation of the copper target
with respect to the grid is
indicated as well.
but also photons, electrons, muons, pions and protons) have been obtained by
Monte-Carlo simulations performed with the FLUKA code. Details of the latest
simulations are given in [Bir98b]. The neutron and photon energy distributions
calculated for a primary beam of positively charged particles with a momentum
of p=120 GeV/c (35 % protons, 61 % pions and 4 % kaons) are shown in Figure
9.14.
Figure 9.14: Neutron (left) and photon (right) spectral fluence calculated
with FLUKA outside the concrete and iron shieldings (Figure 9.11) [Bir98b].
For clarity, the spectrum on the iron roof-shield is scaled by a factor 10.
The spectrum outside the iron shield is dominated by neutrons in the 0.1-1 MeV
energy range. The energy distribution outside the concrete shield shows addi-
tionally a large relative contribution of 10-100 MeV neutrons. Therefore, these
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exposure locations provide radiation elds of a wide energy spectrum well suited
to test dosimetric instrumentation like Bonner spheres under dierent conditions.
It also reproduces fairly closely the neutron eld produced by cosmic rays at
commercial flight altitudes [Alb99]. The neutron spectral fluence behind the side
concrete shield of 80 cm thickness is similar to the one on the top concrete shield,
but shows an increased low-energy tail due to backscattering of neutrons from
the concrete wall nearby. The fluence rates of the other hadrons are much lower
than that of neutrons.
As seen from Figure 9.14 the photon fluence is almost one order of magnitude
lower than the neutron fluence on the iron roof-shield, but almost a factor two
higher than the neutron fluence on the concrete roof-shield, because of the con-
tribution of (n,γ) reactions. The electron fluence is about one order of magnitude
less than that of neutrons and the muon fluence almost three orders of magnitude
less. The accuracy of the calculated neutron spectral fluences was veried in the
past by extensive measurements performed by several collaborating institutions
and dierent instrumentation [Bir98b].
The measurements with the extended-range Bonner sphere spectrometer were
performed at the nominal locations of positions 6 on concrete top (CT06), position
C on concrete top (CTC) and position 6 on iron top (IT06) i.e. 25 cm above
the centre of the corresponding grid element in order to compare properly the
experimental results with the calculations.
9.4 Background measurements
When the magnets of the H6 beam line are switched o, the beam coming from
the target T4 cannot reach the CERF area. However, the Bonner spheres and
the PIC measure a certain amount of counts during the spill. This can be caused
by other beam lines with a big halo that are close to the H6 beam, scattered
neutrons or some particles from the T4 target that can still reach the counters.
These particles, mostly muons, stream over the concrete and iron roof-shields.
Their intensity depends on various factors which are not under control of the
CERF user, such as the intensity of secondary beams in neighbouring beam lines.
The contribution of background to the counter reading can be quantied by two
measurement conditions: rst by switching o the beam in the CERF area, and
second by removing the copper target. Both lead to the similar results as is shown
in Figure 9.15.
Since the rst method was more feasible, before each measurement the back-
ground was recorded by switching o the beam in the area. Measurements with
beam but without target were carried out only for some measurements for com-
parison. The background reading of the PIC averaged over all measurements
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Figure 9.15: Reading due to background of the 81Cd sphere without beam
(circles) and with beam but without copper target in the beam line (dots).
without beam gave 0.610.04 counts per spill. In order to investigate at which
intensities the background corrections become less important measurements with
dierent beam intensities were performed for Ollio. Figure 9.16 shows the counts
Figure 9.16: Reading of Ollio for dierent ways of background subtraction
as a function of beam intensity at position CS02 (left) and IT06 (right).
per spill as a function of dierent PIC intensities per spill with and without back-
ground correction for measurements on the concrete side and iron roof-shields.
The background correction was either applied only to the reading of the detector,
or both to the detector and the PIC. The straight line is a t through the data for
which the background corrections were performed for both the detector and the
PIC. Figure 9.16 shows that above 1000 PIC counts per spill the background
of the PIC and of the Bonner sphere can be neglected.
The measurements with the Bonner spheres were performed at beam intensities
between 1000 and  3000 PIC counts per spill. In order to verify that no dead
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time eects of the electronics or pile up in the detector have occurred, studies
of the detector performance as a function of beam intensities up to 10000 PIC
counts per spill were performed. Figure 9.17 shows the count rate of Ollio at the
concrete side and iron top positions as a function of beam intensity.
Figure 9.17: Background corrected count rate of Ollio as a function of beam
intensity at position CS02 (left) and IT06 (right). The straight lines are ts
through the data points.
As it can be seen from Figure 9.17 the detector shows a linear response up to
a count rate of 9000 counts per second. The straight lines are ts through the
experimental data with 2=ndf = 0:6 and 2=ndf = 0:4 for the measurements on
the concrete side and iron top positions, respectively.
9.5 Data analysis and results
Measurements were performed during two beam-time periods: the rst in May
2000 on the concrete roof-shield position C (CTC) using the NIM electronics and
the second in July 2000 on the concrete roof-shield positions C (CTC) and 6
(CT06) and on the iron roof-shield position 6 (IT06), acquiring the data with the
MAB device. Information about the electronics set-up and their characteristics
can be found in 6.4.
During the May 2000 run three independent measurements over several spills
were acquired and normalized to the incident beam particles by using the PIC
calibration factor determined in Section 9.2.3. The intensity of the beam was
varying between 1200 and 5000 PIC/spill. The count rate of the Bonner spheres
was 150-1200 ct/s so that no dead time eects and pile-up in the detector oc-
curred. For each sphere a mean value of the background hCm−bgi was recorded
and subsequently subtracted from the raw detector reading hCm−ri in order to
obtain the background corrected detector counts hCmi. Table 9.5 summarizes the
experimental data obtained in the May run.
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Table 9.5: Counts per incident beam particle (hCmi) of the Bonner spheres
exposed at position CTC during the May 2000 run. The quoted uncertainties
derive from the standard deviation of the measurements and the uncertainty on










During the July 2000 run data were acquired with the MAB device spill by spill
and during at least 20 spills. This gives better information on the fluctuation of
the detector readings. As an example, Figure 9.18 shows the distribution of the












Figure 9.18: Distribution of the count rate for Ollio (histogram). Data were
acquired during 90 spills. The solid line is a Gaussian t.
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It can be seen that the distribution is very well tted by a Gaussian with a mean
of 40.82 and a r.m.s. of 0.82, i.e. 2 %. It shows that the measurement set-up has
systematic errors not larger than 2 %.
During a series of measurements the collimator settings were kept constant. The
beam intensities were 1500 PIC counts per spill for the measurements on the
concrete roof-shield and 230 PIC counts per spill at IT06. The count rates of
the Bonner spheres thus obtained were 125-470 ct/s for the concrete positions,
and 220-1570 ct/s for position IT06.
The readings of the Bonner spheres were normalized to the number of incident
beam particles for each spill, and the average over all spills and its weighted
uncertainty were calculated. Again, the detector reading due to the background
hCm−bgi was subtracted from the raw reading hCm−ri in order to get the corrected
one hCmi. Table 9.6 shows the experimental results (hCmi) of the July run.
During the analysis of the data obtained from Ollio on CT06 and from 81Cd and
81 mm on IT06 problems with the electronics became manifest and those results
were therefore discarded.
Table 9.6: Counts normalized to incident beam particle (hCmi) of the Bonner
spheres exposed at positions CT06, CTC and IT06 during the July 2000 run. The
quoted uncertainties derive from the standard deviation of the measurements and
the uncertainty on the PIC calibration factor.




81 mm (2.450.14)10−5 (2.020.11)10−5
108 mm (3.460.19)10−5 (2.820.16)10−5 (7.750.43)10−4
133 mm (4.030.22)10−5 (3.240.18)10−5 (8.850.49)10−4
178 mm (4.110.23)10−5 (3.270.18)10−5 (7.440.41)10−4
233 mm (3.500.19)10−5 (2.780.15)10−5 (4.360.24)10−4
Stanlio (2.140.12)10−5 (1.630.09)10−5 (3.760.21)10−4
Ollio (1.990.11)10−5 (1.300.07)10−4
Figure 9.19 shows a comparison between the May and July measurements at
position CTC. It can be seen that the two sets of data agree very well within
their uncertainties and that they are fully reproducible. In order to investigate the
stability of the experimental set-up during one run, measurements in the position
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81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio
Figure 9.19: Counts per incident beam particle of the Bonner spheres measured
at CTC during the May and July 2000 runs (see also Tables 9.5 and 9.6).
CT06 were repeated on consecutive days in July for the 133 mm sphere. Figure
9.20 shows the count rate of the sphere for the ve repetitive measurements. The
straight line is a t and gives 0.9370.004 ct/PIC count, which is an uncertainty
of less than 1 %. This results also conrms the reproducibility of the experiment.
Figure 9.20: Counts per PIC count of the 133 mm sphere measured at CT06
during two consecutive days. The straight line indicates the mean of the mea-
surements. The uncertainties of the single data points derive from the standard
deviation of the measurements and the uncertainty on the PIC calibration factor.
Another indication of the stability of the measurements can be obtained from
the representation of the conventional Bonner sphere readings as a function of
sphere diameter. These are shown for all four measurements in Figure 9.21. The
smoothness of the curves also indicates the good stability during the measure-
ments. The readings of the 81Cd, Stanlio and Ollio do not lie on the same curve,
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Figure 9.21: The relative readings of the Bonner spheres as a function
of sphere diameter for the four measurements. The data of the conventional
spheres lie on a smooth line. For comparison, the readings of the 81Cd sphere
(83 mm diam.), Stanlio (118.5 mm diam.) and Ollio (255 mm diam.) are
plotted as well.
of course, because of their additional content of cadmium and lead. The four
curves generally dier in shape, but not so much for those obtained on the con-
crete shielding (CT06 and CTC). As large-diameter conventional spheres and
Ollio show rather large readings, considerable contributions to the spectrum are
expected in the high-energy region. Above the iron shield this contribution ap-
pears to be lower, in agreement with the computed spectral shapes shown in
Figure 9.14.
Table 9.7 shows the calculated counts obtained by folding the Monte-Carlo flu-
ence spectra at the exposure positions with the response functions of the Bonner
spheres. As in Chapter 7 both the nominal and the modied response functions
were considered.
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Table 9.7: MC calculated counts per incident beam particle of the Bonner
spheres at positions CT06, CTC and IT06. The indices c-nom and c-mod refer
to the calculated nominal (Cc−nom) and calculated modied (Cc−mod) response
functions. The quoted uncertainties are only statistical.
CT06 CTC IT06
Spheres
Cc−nom Cc−mod Cc−nom Cc−mod Cc−nom Cc−mod
81Cd 2.010.04 1.930.04 1.560.04 1.510.04 49.10.3 44.80.2
81 mm 2.910.06 2.920.05 2.290.05 2.300.05 52.90.4 45.10.2
108 mm 3.690.06 3.910.06 2.880.06 3.050.06 85.60.6 88.10.3
133 mm 4.130.06 4.480.07 3.220.06 3.500.06 96.60.7 1050.4
178 mm 4.270.07 4.700.07 3.340.06 3.680.06 79.10.6 89.20.3
233 mm 3.860.06 4.010.08 3.030.06 3.160.07 45.00.3 51.20.2
Stanlio 2.700.04 2.250.04 2.040.04 1.720.03 43.30.4 36.20.2
Ollio 3.540.06 3.490.06 2.620.05 2.610.05 15.80.1 15.90.1
The comparison between the measured counts and the two sets of MC calcu-
lated counts for the four measurements is shown in Figure 9.22. The straight
lines indicate the weighted mean of the two sets of data, which are plotted with
their weighted errors. The dierence between the weighted means regarding the
nominal and modied set of data is less than 2 %. This is much lower than for
the calibration measurements, where the dierence was up to 20 %. This is un-
derstandable when considering that eects due to the variation of the moderator
thickness or the polyethylene density are strongly energy dependent (on the one
hand these eects increase the response to low-energy neutrons, and on the other
hand they reduce it to intermediate and high-energy neutrons, see Section 6.2).
In sum the eect of these variations is reduced in a broad neutron eld as CERF.
As already mentioned in Section 6.2 the two sets of response functions represent
the two extremes of the real situation. Thus one can dene calculated mean
counts Cc (Table 9.8) for each sphere at the three exposure positions by taking
the average of Cc−nom and Cc−mod. Its uncertainty is obtained from the half
dierence between the minimum and maximum, the statistical uncertainties from
the Monte-Carlo calculations and the uncertainties due to variation of the density
and the diameter as described in Sections 6.2 and 7.3.
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Figure 9.22: Ratio of the measured counts to the MC calculated ones
derived from both the nominal and the modied response functions for the
four dierent measurements, vs. Bonner sphere.
Table 9.8: MC calculated mean counts per incident beam particle (Cc) of
the Bonner spheres at positions CT06, CTC and IT06. The uncertainties were
calculated according to Section 6.2.
Calculated mean counts per incident beam particle Cc
Spheres
CT06 CTC IT06
81Cd (1.970.12)10−5 (1.540.10)10−5 (47.03.2)10−5
81 mm (2.920.17)10−5 (2.290.14)10−5 (49.04.7)10−5
108 mm (3.800.30)10−5 (2.960.24)10−5 (86.96.3)10−5
133 mm (4.310.30)10−5 (3.360.24)10−5 (1016.7)10−5
178 mm (4.490.33)10−5 (3.500.26)10−5 (84.26.7)10−5
233 mm (3.940.24)10−5 (3.090.19)10−5 (48.14.0)10−5
Stanlio (2.480.26)10−5 (1.880.20)10−5 (39.84.1)10−5
Ollio (3.520.20)10−5 (2.610.15)10−5 (15.80.8)10−5
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81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio
2
/ndf=1.7χ
<Rm/ Rc> += 0.866 0.021
81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio
2χ /ndf=1.4
<Rm/ Rc> += 0.875 0.021
81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio
2χ /ndf=0.4
<Rm/ Rc> += 0.887 0.023
81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio
2χ /ndf=0.5
<Rm/ Rc> += 0.869 0.025
Figure 9.23: Ratio of the measured counts to the MC calculated mean
ones for the four dierent measurements vs. Bonner sphere. The uncertainties
of the single data points derive from the experimental uncertainties given in
Table 9.5 and 9.6 and the calculated ones from Table 9.8.
The MC calculated mean counts can be compared with the experimental ones
in the same way as done before. Figure 9.23 shows the ratio between the exper-
imental and MC calculated mean counts for each exposure position vs. Bonner
sphere. The uncertainties of the single data points derive from the experimen-
tal uncertainties given in Table 9.5 and 9.6 and the calculated ones from Table
9.8. The straight lines are ts through the data points. The t parameters are
plotted in the gure. They show that the ts describe the data very well. The
weighted mean of each exposure position is in perfect agreement to the other.





= 0:874 0:011 with 2=ndf = 0:2
with its weighted error of the mean value. fCERF veries the factor f=0.8990.014
(Equation 7.8) determined by the calibration measurements. It shows that the re-
sults of the Bonner spheres obtained from two completely dierent measurements
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are consistent. Hence one can apply the calibration factor, fc, to the experimental
results in order to correctly compare the simulated and experimental counts (Fig-
ure 9.24). The results of the May and July measurements at CTC were combined
in the Figure. It can be seen that the recalibrated results agree very well with the
81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio 81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio
81Cd 81mm 108mm 133mm 178mm 233mm Stanlio Ollio
Figure 9.24: Ratio of the normalized measured counts using the calibration
factor of Equation 7.9, to the calculated mean ones at the three exposure
locations versus Bonner sphere. The uncertainties are the same as in Figure
9.23 plus the error on the calibration factor.
FLUKA simulations. Only Ollio at CTC and IT06 shows a slight underestimate
of the experimental to calculated results by 10-15%. It should be stressed that
measurements in a broad neutron eld like at CERF are very complex, and the
sources of discrepancies between experimental and computed results are not easy
to untangle. Considering the uncertainties of the sphere responses as pointed out
in Section 6.2 and Chapter 7, these results are fully satisfactory.
For completion the experimental data at CTC were unfolded using the pro-
grammes GRAVEL II and MAXED (see Chapter 4). Figure 9.25 shows the spec-
tral fluence obtained by GRAVEL II starting with a flat guess spectrum, including
rst only the polyethylene spheres and then using the entire extended-range BSS.
It can be seen that the conventional spheres do not resolve well the high-energy
component of the neutron spectrum, while the results with the extended-range
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BSS show a pronounced peak around E=100 MeV. The unfolding procedure was
repeated using the FLUKA calculated spectrum as input. The results are shown
in Figure 9.26 for GRAVEL II (left) and MAXED (right). The results are the
same for both programmes and reproduce the conclusions obtained from Fig-
ure 9.24, i.e. that the experimental measurements and MC calculations are in
very good agreement. Only Ollio which is most sensitive to high-energy neu-
trons, shows experimental data which are about 20 % less than the calculations.
This eect manifests also in the unfolded spectra where the high-energy peak at
70 MeV is lower than in the input spectrum. Nevertheless these results are
satisfactory for radiation protection purposes.
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Experimental data unfolding −−>
chi−2 = 1.0824























guess o −− o
Experimental data unfolding −−>
chi−2 = 0.88152
Figure 9.25: Neutron fluence per incident hadron on the copper target ob-
tained by unfolding the experimental data with GRAVEL II, either including
only the conventional Bonner spheres (left) or using the extended set (right)
at the exposure position CTC of CERF. A flat guess was assumed.
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Figure 9.26: Neutron fluence per incident hadron on the copper target
obtained by unfolding the experimental data from the extended set with
GRAVEL II (left) and MAXED (right) at the exposure position CTC of
CERF. As guess the spectrum calculated with FLUKA was assumed.
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9.6 Upgrade of CERF
As shown in the previous section, the well characterized eld of CERF can be
used successfully for testing active and passive detectors in the context of high-
energy particle accelerators. In addition the particle composition and spectral
fluences provided at CERF are similar to those in the cosmic radiation eld at
commercial flight altitudes between 10 and 20 km (Figure 9.27). The Interna-
tional Commission on Radiological Protection (ICRP) has stated that exposures
of aircraft personnel during flights at cruising altitudes (from 10000 m to 17000 m)
have to be considered as occupational [ICR90]. In fact, a large fraction of the
exposure of aircrew is due to neutrons with a comparable energy spectrum to that
found around high-energy hadron accelerators. It becomes therefore of interest
to test, to inter-compare and to calibrate instrumentation which is subsequently
used for in-flight measurements on aircraft.
Figure 9.27: Comparison of the energy spectrum at commercial flight altitude
to the one on the concrete roof-shield at CERF [Bar01].
Furthermore, for the evaluation of dosemeters used in space the calibration value
as determined at CERF was taken for fast neutrons because this eld is considered
to be most similar to that in space. In a manned space station orbiting the earth
neutrons constitute an important contribution to the personal dose equivalent.
Most of the neutrons inside the station result from nuclear interactions of charged
particles (mainly galactic protons and protons trapped by the earth’s magnetic
eld) with the wall material of the vessel. A plot of E(E) against log(E), where
(E) is the neutron fluence, shows peak intensities at about E=1 MeV and
100 MeV, while for protons the peaks show up at about E=100 MeV (trapped
proton source) and in the GeV energy region (galactic proton source). Never-
theless, several other particles contribute to the dose in a space station or in a
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shuttle orbiting the earth, or in a spacecraft travelling, for example, to Mars.
Also, astronauts performing extravehicular activities are directly exposed to the
cosmic ray eld.
It was thus decided to study whether a dierent shielding conguration at CERF
could produce a radiation eld, rich in high-energy particles, more appropriate
to the forthcoming measurements in the framework of the space programme.
Preliminary Monte-Carlo simulations were performed with FLUKA in order to
investigate this possibility. In order to avoid unnecessary waste of computing
times, simulations were based on a simplied spherical geometry (Figure 9.28)
rather than modelling the complete facility. The aim was to understand whether
a given target/shielding combination and angular scoring region would indicate
a promising situation which could subsequently be investigated more thorough.






Figure 9.28: Simplied geometry for the rst CERF upgrade studies.
The study aims at producing a radiation eld rich in high-energy protons similar
to that found in the stratosphere [Rei93] or high-energy neutrons and other sec-
ondary particles as found inside the space station or a spacecraft [Arm98]. The
intention is also to increase the available dose equivalent rate at the exposure
locations.
Calculations were performed rst for the ‘standard’ 50 cm thick, 7 cm in diameter
copper target as well as for two smaller targets: one 10 cm long and 7 cm in
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diameter, the other 10 cm long and 1 cm in diameter. The target was at the centre
of a spherical shield, with scoring done in conical regions 10 wide (from 0 to 90).
The beam momentum was set to p=120 GeV/c, and a 10 cm thick aluminium
shield was placed at 1 m from the target. Neutrons, protons, pions, muons,
photons and electrons were scored. Figure 9.29 shows a comparison between the
spectral fluences in the 10-20 angular region after the aluminium shield both
for the ‘standard’ copper target and one 10 cm long and 7 cm in diameter. Since
the spectral fluences do not dier much, only the ‘standard’ copper target was
taken into account for further simulations.
Target: 50 cm thick, 7 cm diameter Target: 10 cm thick, 7 cm diameter
Figure 9.29: Particle spectral fluences in the 10-20 angular region for a
positive charged beam of p=120 GeV/c (particles per primary beam particle
incident on the target). The target is copper, Left: 50 cm thick and 7 cm in
diameter and Right: 10 cm thick and 7 cm in diameter. A 10 cm aluminium
shield is placed at 1 m from the target.
Since in a practical situation the dose equivalent rate produced by such a con-
guration will be much higher than that presently available at CERF, the new
exposure area will have to be shielded. An additional layer of material acting as
a back shield was therefore included in the simulations, made up of either 80 cm
thick concrete or 40 cm iron backed by 40 cm concrete.
Figure 9.30 shows the spectral fluences for set-ups without back shielding, with
a 80 cm concrete shield and with a shield made of 40 cm iron backed by 40 cm
concrete. The simulation showed that the shielding is responsible for the low-
energy neutron component shown in the gure, which can be reduced signicantly
by a combination of iron and concrete, in contrast to the pure concrete shield.
In the following all the simulations were carried out with the combined iron and
concrete shield. With the standard copper target, a 10 cm thick Al shield and the
latter back shield conguration, one should note that the high-energy component
(above E=100 MeV) of the proton spectrum in the forward direction (from 0 to
10) is similar to the energy spectrum of the galactic cosmic protons (Figure 9.31).
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no back shielding
80 cm concrete 40 cm iron + 40 cm concrete
Figure 9.30: Particle spectral fluences in the 40-50 angular region for a
positive charged beam of p=120 GeV/c (particles per primary beam particle
incident on the target). The target is the ‘standard’ copper target. A 10 cm
thick aluminium shield is placed at 1 m from the target; the external shielding
is Top: none, Left: 80 cm thick concrete and Right: 40 cm iron backed by
40 cm concrete.
Also the neutron energy distribution extends up to about E=100 GeV, i.e. much
higher than the few hundreds of MeV at the present CERF conguration on the
concrete roof-shield.
The neutron fluence is about 6.510−3cm−2 and 4.310−3cm−2 per primary par-
ticle on the copper target, in the forward (from 0 to 10) and transverse (from
80 to 90) directions, respectively, to be compared with the present gure of
3.510−5cm−2. On the one hand this conguration has the advantage that an
independent exposure area could in principle be built and run in parallel to the
present set-up (i.e. simultaneously data taking on the concrete roof-shield or on
the iron roof-shield). On the other hand, the pion component is too high in
comparison to that present in space.
Therefore, another series of simulations were performed with increasing alu-
minium thickness, aiming at reducing the pion component relative to the other
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Calculated Spectrum *5E3
Primary Cosmic Protons
Figure 9.31: Particle spectral fluence in the 0 to 10 angular region for
a positive charged beam of p=120 GeV/c (particles per primary beam par-
ticle incident on the target). The target is the ‘standard’ copper target, the
aluminium shield is 10 cm thick.
particles. Figure 9.32 shows the results for 10 cm, 40 cm and 80 cm thick alu-
minium shield at 30-40 and 60-70 emission angles. Note that with increasing
aluminium thickness and emission angle the pion as well as the photon compo-
nents decrease with respect to neutrons.
The influence of the primary beam momentum on the produced secondary par-
ticles was investigated in the range p=40-400 GeV/c. The simulations were per-
formed with the actual particle composition of positive charged SPS beams. These
are made up of 85 % pions and 15 % protons at p=40 GeV/c, 2/3 pions and
1/3 protons at p=120 GeV/c, 1/3 pions and 2/3 protons at p=205 GeV/c
and protons only at p=400 GeV/c. It turned out that the spectral shape and
the secondary particle composition do not change much with beam momentum
(Figure 9.33), but the absolute neutron fluence per beam particle on the target
increases: in the 20 to 30 angular region it is 2.0610−3cm−2 for the beam of
p=40 GeV/c, 5.2310−3cm−2 for the beam of p=120 GeV/c, 8.4810−3cm−2 for
the beam of p=205 GeV/c and 1.5310−2cm−2 for the beam of p=400 GeV/c.
Finally, the spectral fluences produced by a graphite instead of an aluminium
shield were studied. Simulations were therefore performed with a 40 cm graphite
shield and a beam of p=205 GeV/c. Both, the pion and the photon compo-
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40 cm Al; 30 - 40o o 40 cm Al; 60 - 70 
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80 cm Al; 30 - 40o o 80 cm Al; 60 - 70 
o o
Figure 9.32: Particle spectral fluences. Left: in the 30 to 40 angular
region, Right: in the 60 to 70 angular region, for a positive charged beam
of p=120 GeV/c (particles per primary beam particle incident on the target).
The target is the ‘standard’ copper target. The aluminium shield is Top:
10 cm thick, Middle: 40 cm thick and Bottom: 80 cm thick.
nent slightly increase, so that this material brings no advantages with respect to
aluminium (Figure 9.34).
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40 GeV/c 120 GeV/c
205 GeV/c 400 GeV/c
Figure 9.33: Particle spectral fluences in the 20-30 angular region for
a positive charged beam of dierent momenta (particles per primary parti-
cle incident on the target). The target is the ‘standard’ copper target, the
aluminium shield is 40 cm thick.
40 cm Al 40 cm graphite
Figure 9.34: Particle spectral fluences in the 50-60 angular region for a
positive beam of p=205 GeV/c (particles per primary beam particle incident
on the target). The target is the ‘standard’ copper target, the shield is Left
40 cm of aluminium and Right 40 cm of graphite.
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The study for the upgrade of CERF has shown several results: rst, it is not
necessary to change the ‘standard’ copper target or the present beam momentum
of 120 GeV/c. Second, such a high-intensity exposure area needs an additional
back shield; the combination of iron backed by concrete ts best in order to reduce
the low-energy neutron component. Third, the relative spectral distribution of
the particles can be varied signicantly by increasing the aluminium thickness
and the emission angle. A conguration having 40 cm thick aluminium shield
and a scoring region in a forward direction seems to full best the requirements
in order to obtain high intensities, high energy particles and high neutron fluence.
Chapter 10
Summary and conclusions
The main aim of the work described in this thesis was to put into operation a
new extended-range Bonner sphere spectrometer (BSS). The work performed can
be grouped in the following topics:
The new extended-range Bonner sphere spectrometer
 The response functions of 19 dierent detector congurations were studied
by using FLUKA which is the state-of-the-art MC programme for shielding
and dosimetry purposes in high-energy physics. Two of these congurations
were considered to be a good complement of the conventional BSS and were
thus built and tested. The rst one, called Ollio, is a sphere consisting of
a 3He proportional counter in the centre, surrounded by shells of 3 cm
thick polyethylene, 1 mm cadmium, 1 cm lead and 7 cm polyethylene. The
conguration of the second sphere, called Stanlio, is the 3He proportional
counter in the centre, surrounded by shells of 2 cm thick polyethylene, 1 mm
cadmium and 2 cm lead.
 Uncertainty estimations of the calculated response functions were carried
out taking into account deviations in the sphere conguration, the polyethy-
lene density and the sphere diameter from nominal values. It was shown
that, especially for the small spheres, additional air-gaps of unknown di-
mensions between the moderator layers can cause response variations of up
to 30 % depending on the energy.
 MC simulations have also shown that the old sphere supports made of
plastics increase the neutron scattering and may therefore influence the
count rate of the Bonner spheres. Thus, new sphere supports made of
aluminium were designed and constructed for each sphere in such a way
that the centre of each sphere is located at the same height. This is very
convenient for a number of experimental situations.
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Detectors and electronics
 In order to compare the performance of three 3He proportional counters
used in the experiments (2 atm-detector, 4 atm-detector and B-detector)
their intercalibration factors were determined experimentally. They are:
‘2’/’4’=0.7390.007, ‘2’/’B’=0.9840.011 and ‘B’/’4’=0.7510.011.
 One requirement of the system was to keep it portable and easy to operate.
For this purpose a compact electronics of size 2075 cm3, containing
an amplier, a multi and single channel analyzer, a counter and a power
supply, was chosen which can be easily operated via a portable PC. Tests
of the 3He proportional counter and the electronics were performed in order
to investigate the detector characteristics and the electronic noise of the
complete system. Thresholds for the three detectors were determined which
allow a good discrimination between neutron signals and gamma ray and
noise signals.
Calibration and experiment
 The calibration of the extended-range Bonner sphere set at the PTB with
neutron beams of E= 144 keV, 1.2 MeV, 5 MeV and 14.8 MeV resulted in a
calibration factor fc =
Rc
Rm
= 1:112 0:017 with Rc the calculated response
and Rm the measured one.
 The new Bonner sphere set was also tested with an 241Am-Be source in the
CERN calibration laboratory and in a high-energy neutron eld at CERF.
The calculations agree better than 20 % with the measured values.
Outlook
The extended-range Bonner sphere spectrometer was already successfully used in
radiation protection for routine measurements in high-energy neutron elds, such
as around present accelerators and experiments, but also for research work related
to radiation protection [Ago01]. Thereby the superior performance of the new
extended-range BSS compared to the conventional one became clearly visible. For
the future the extended BSS will become essential to verify the correct operation
of the dose monitors installed around the Large Hadron Collider LHC, where a
large amount of high-energy neutrons will be present.
In addition to the work on the Bonner sphere spectrometer, the following studies
on CERF were also carried out within this thesis:
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CERF beam monitor PIC
 Performance tests of the CERF beam monitor with radioactive gamma
sources showed that the monitor needs about 2 hours to stabilize, it shows
no electronic noise, its response is linear up to air kerma rates _Ka= 30 mGy/h
which was the limit of the gamma source, and it shows no leakage currents.
Its operating voltage of U= 250 V lies in the region of ion saturation for
H6 beam intensities of up to 5108 particles per spill.
 Calibration measurements of the PIC yield for a positive charged hadron
beam of p=120 GeV/c a calibration factor Γ120=(23264988) particles/PIC-
count and for p=40 GeV/c a factor of Γ40=(24475337) particles/PIC-
count.
Upgrade of CERF
 First MC studies regarding an upgrade of CERF were performed in order
to evaluate whether a dierent target and/or shielding conguration at
CERF could produce a radiation eld, rich in high-energy particles, more
appropriate to the forthcoming measurements in the framework of the space
programme. Such a new reference eld would also allow to test and to
calibrate the Bonner spheres at energies even higher than what was possible
in this thesis. The results showed that it is not necessary to change the
‘standard’ copper target or the present beam momentum of p=120 GeV/c,
but only replace the 80 cm thick concrete shield by an aluminium shield.
Furthermore, a back shielding is needed for the new high-intensity area, for
which a combination of iron and concrete suits best in order to reduce the
number of scattered neutrons. A conguration having 40 cm aluminium
and an exposure region in the forward direction seems to full best the
requirements in order to obtain high intensities, high energy particles and
a relative high neutron fluence.
Appendix A
Quantities used in radiological
protection for external radiation
A.1 Introduction
Two types of quantities are specially dened for the use in radiological protection:
protection quantities, which are dened by the ICRP, and operational quantities,
which are dened by the ICRU.
The most recent set of protection quantities recommended by the [ICR90] in-
cludes the eective dose, E, and the tissue or organ equivalent doses, HT . These
quantities are not directly measurable but are accessible to calculation if the
conditions of irradiation are known.
The ICRU has dened a set of operational quantities for area and individual
monitoring. They are designed to provide an estimate of the protection quantities
and to serve as calibration quantities for dosemeters used in monitoring. For
area monitoring, the appropriate operational quantities are the ambient dose
equivalent, H(d), and the directional dose equivalent, H 0(d; Ω). For individual
monitoring, the personal dose equivalent, Hp(d), is the appropriate quantity.
The evolution of these protection and operational quantities has led to a system
of correlated quantities, which is illustrated in Figure A.1. Both, the protec-
tion quantities and operational quantities can be related to the basic physical
quantities fluence, , air kerma free-in-air, Ka, and the tissue absorbed dose, D.
Conversion coecients, which relate operational and protection quantities to
physical quantities, are calculated using radiation transport codes and appro-
priate mathematical models.
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Protectional quantities








is the quotient of dN by da, where dN is the number of particles incident on a





The unit of the fluence is [cm−2].
Kerma, K,
is given by the quotient of dEtr by dm, where dEtr is the sum of the initial ki-
netic energies of all the charged ionizing particles liberated by uncharged ionizing





The unit of kerma is [J kg−1] and its special name is gray [Gy].
Absorbed Dose, D,
is the quotient of d" by dm, where d" is the mean energy imparted by ionizing





The unit of absorbed dose is [J kg−1] and its special name is gray [Gy].
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A.3 Protectional quantities
Organ Dose, DT ,
is the mean absorbed dose, DT , in a specied tissue or organ of the human body,
T , given by




where mT is the mass of the tissue or organ and D is the absorbed dose in the
mass element, dm. The unit of organ dose is [J kg−1] and its special name is gray
[Gy].
Equivalent Dose, HT ,
is the absorbed dose in an organ or tissue multiplied by the relevant radiation
weighting factor. When the radiation eld is composed of radiation with dierent
values of wR, the absorbed dose is subdivided into blocks, each multiplied by its





The unit of equivalent dose is [J kg−1] and its special name is sievert [Sv].
Eective Dose, E,
is a summation of the equivalent doses in tissues or organs, each multiplied by











where HT is the equivalent dose in tissue or organ, T , and wT is the tissue
weighting factor for tissue, T . The unit of eective dose is [J kg−1] and its special
name is sievert [Sv].
A.4 Operational quantities
Dose Equivalent, H,







where Q(L) is the quality factor for particles with linear energy transfer, L, and
dD
dL
 dL is the absorbed dose between linear energy transfer, L, and L+dL at the
point.
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A.4.1 Area monitoring
Ambient Dose Equivalent, H(10),
at a point of interest in a real radiation eld, is the dose equivalent that would
be produced by the corresponding expanded1 and aligned2 radiation eld, in the
ICRU sphere3 at a depth of 10 mm, on the radius vector opposing the direction
of the aligned eld. The unit of ambient dose equivalent is [J kg−1] and its special
name is sievert [Sv].
A.4.1.1 Individual monitoring
Personal Dose Equivalent, Hp(10),
is dened as the dose equivalent in ICRU soft tissue at a depth of 10 mm in the
body at the location where the personal dosimeter is worn. The unit of personal
dose equivalent is [J kg−1] and its special name is sievert [Sv].
A.5 Correlated quantities
Radiation Weighting Factor, wR,
by which the tissue or organ absorbed dose is multiplied to reflect the higher
RBE values for neutrons and alpha particles compared to low LET radiations.
For neutrons wR varies with the neutron energy, En (see Table A.1).
Table A.1: Radiation weighting factors wR for neutron radiation according to
ICRP 60.
Energy wR
En < 10 keV 5
10 keV< En < 100 keV 10
100 keV< En < 2 MeV 20
2 MeV< En < 20 MeV 10
En > 20 MeV 5
1In the expanded radiation eld the spectral fluence and the angular fluence have the same
values at all points of a suciently large volume as in the actual eld at the point of interest.
2In the aligned and expanded radiation eld all beams are thought to be aligned in the
expanded eld, so that they are opposed to the radius vector ~Ω specied for the ICRU sphere.
3The ICRU sphere is a phantom sphere made of tissue equivalent material 30 cm in diameter
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Tissue Weighting Factor, wT ,
by which the equivalent dose to a tissue or organ is multiplied in order to account
for the relative stochastic detriment resulting from the exposure of dierent tissues
and organs.
Conversion coecients
link the protection and operational quantities to physical quantities characterizing
the radiation eld. Relating to this thesis only the neutron fluence to ambient dose
equivalent conversion coecients are shown (Figure A.2) in order to demonstrate
the importance of high-energy neutrons.
Figure A.2: Fluence to ambient-dose-equivalent conversion coecient.
Appendix B
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Figure 1: From the 3He proportional
counter (3.3 cm in diameter) outwards:
3 cm polyethylene (PE), 1 cm lead, iron
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Figure 2: From the 3He proportional
counter (3.3 cm in diameter) outwards:
3 cm polyethylene (PE), 5 mm iron,
7 cm PE.
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Figure 3: From the 3He proportional
counter (3.3 cm in diameter) outwards:
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Figure 4: From the 3He proportional
counter (3.3 cm in diameter) outwards:
3 cm polyethylene (PE), 1 mm cad-
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Figure 5: From the 3He proportional
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Figure 6: From the 3He proportional
counter (3.3 cm in diameter) outwards:
3 cm polyethylene (PE), 1 mm cad-
mium, 1 cm lead, 7 cm PE (\Ollio"
design).
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Figure 7: From the 3He proportional
counter (3.3 cm in diameter) outwards:
2 cm polyethylene (PE), 1 mm cad-
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Figure 8: From the 3He proportional
counter (3.3 cm in diameter) outwards:
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Figure 9: From the 3He proportional
counter (3.3 cm in diameter) outwards:
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Figure 10: From the 3He propor-
tional counter (3.3 cm in diameter) out-
wards: 3 cm vacuum, 1 cm lead, 7 cm
polyethylene.
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Figure 11: From the 3He propor-
tional counter (3.3 cm in diameter) out-
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Figure 12: From the 3He propor-
tional counter (3.3 cm in diameter) out-
wards: 3 cm polyethylene, 1 mm cad-
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Figure 13: From the 3He propor-
tional counter (3.3 cm in diameter) out-
wards: 3 cm polyethylene, 1 mm cad-
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Figure 14: From the 3He propor-
tional counter (3.3 cm in diameter) out-
wards: 1 cm polyethylene and 1 cm
lead.
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Figure 15: From the 3He propor-
tional counter (3.3 cm in diameter) out-
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Figure 16: From the 3He propor-
tional counter (3.3 cm in diameter) out-
wards: 1 cm polyethylene, 1 mm cad-
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Figure 17: From the 3He propor-
tional counter (3.3 cm in diameter) out-
wards: 2 cm polyethylene, 1 mm cad-
mium and 2 cm lead (\Stanlio"design).
Appendix C
Response function data
Table C.1: Modied response functions of the extended-range BSS. Given is
the group response.
E Fluence Response [cm2]
[MeV] 81Cd 81 108 133 178 233 Stanlio Ollio
1.00E-11
4.14E-07 4.04E-02 1.49E+00 9.92E-01 6.57E-01 2.94E-01 1.02E-01 3.97E-02 3.12E-03
6.83E-07 1.30E+00 2.93E+00 2.08E+00 1.35E+00 6.10E-01 2.02E-01 1.08E+00 5.67E-03
1.13E-06 2.73E+00 3.24E+00 2.36E+00 1.57E+00 6.71E-01 2.40E-01 2.28E+00 6.45E-03
1.64E-06 3.23E+00 3.48E+00 2.58E+00 1.76E+00 7.77E-01 2.74E-01 2.73E+00 4.30E-03
2.38E-06 3.42E+00 3.48E+00 2.79E+00 1.88E+00 8.44E-01 3.02E-01 2.88E+00 8.99E-03
3.47E-06 3.50E+00 3.59E+00 2.91E+00 2.05E+00 8.85E-01 3.35E-01 2.98E+00 6.59E-03
5.04E-06 3.56E+00 3.67E+00 3.07E+00 2.12E+00 9.51E-01 3.09E-01 2.95E+00 7.89E-03
7.34E-06 3.53E+00 3.61E+00 3.18E+00 2.22E+00 9.85E-01 3.41E-01 2.98E+00 4.56E-03
1.07E-05 3.57E+00 3.61E+00 3.15E+00 2.37E+00 1.05E+00 3.83E-01 2.97E+00 9.99E-03
1.55E-05 3.51E+00 3.61E+00 3.23E+00 2.41E+00 1.12E+00 4.06E-01 2.85E+00 1.21E-02
2.26E-05 3.36E+00 3.36E+00 3.36E+00 2.46E+00 1.16E+00 3.83E-01 2.79E+00 1.53E-02
3.73E-05 3.20E+00 3.31E+00 3.31E+00 2.55E+00 1.21E+00 4.21E-01 2.63E+00 1.19E-02
6.14E-05 3.20E+00 3.18E+00 3.37E+00 2.59E+00 1.27E+00 4.41E-01 2.54E+00 1.28E-02
1.01E-04 2.69E+00 3.08E+00 3.41E+00 2.68E+00 1.33E+00 4.55E-01 2.18E+00 1.41E-02
1.67E-04 2.70E+00 2.87E+00 3.33E+00 2.74E+00 1.39E+00 4.88E-01 2.20E+00 1.60E-02
2.75E-04 2.70E+00 2.77E+00 3.27E+00 2.77E+00 1.43E+00 5.14E-01 2.25E+00 2.13E-02
4.54E-04 2.47E+00 2.61E+00 3.23E+00 2.80E+00 1.46E+00 5.33E-01 2.05E+00 3.07E-02
6.89E-04 2.50E+00 2.54E+00 3.28E+00 2.80E+00 1.45E+00 5.62E-01 2.04E+00 2.87E-02
1.04E-03 2.33E+00 2.41E+00 3.24E+00 2.85E+00 1.54E+00 5.67E-01 1.90E+00 2.82E-02
1.58E-03 2.25E+00 2.34E+00 3.13E+00 2.85E+00 1.61E+00 5.81E-01 1.84E+00 4.06E-02
2.31E-03 2.16E+00 2.16E+00 3.08E+00 2.85E+00 1.64E+00 5.85E-01 1.77E+00 3.87E-02
3.35E-03 2.08E+00 2.08E+00 3.03E+00 2.87E+00 1.67E+00 6.36E-01 1.74E+00 4.53E-02
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Continued.
E Fluence Response [cm2]
[MeV] 81Cd 81 108 133 178 233 Stanlio Ollio
1.03E-02 1.82E+00 1.80E+00 2.92E+00 2.84E+00 1.76E+00 6.76E-01 1.54E+00 6.21E-02
1.50E-02 1.78E+00 1.76E+00 2.88E+00 2.85E+00 1.76E+00 7.17E-01 1.48E+00 6.91E-02
2.19E-02 1.66E+00 1.65E+00 2.81E+00 2.90E+00 1.87E+00 7.33E-01 1.40E+00 7.71E-02
3.18E-02 1.60E+00 1.56E+00 2.82E+00 2.93E+00 1.95E+00 7.79E-01 1.33E+00 8.33E-02
5.25E-02 1.53E+00 1.51E+00 2.77E+00 2.95E+00 2.03E+00 8.42E-01 1.25E+00 1.01E-01
8.65E-02 1.39E+00 1.41E+00 2.73E+00 3.04E+00 2.13E+00 9.01E-01 1.16E+00 1.33E-01
1.23E-01 1.30E+00 1.29E+00 2.64E+00 3.07E+00 2.30E+00 1.05E+00 1.08E+00 1.61E-01
1.50E-01 1.20E+00 1.22E+00 2.67E+00 3.16E+00 2.41E+00 1.11E+00 1.07E+00 2.03E-01
1.83E-01 1.18E+00 1.16E+00 2.63E+00 3.09E+00 2.51E+00 1.25E+00 1.01E+00 2.25E-01
2.24E-01 1.10E+00 1.07E+00 2.55E+00 3.16E+00 2.64E+00 1.31E+00 9.91E-01 2.78E-01
2.73E-01 1.02E+00 1.05E+00 2.48E+00 3.21E+00 2.77E+00 1.43E+00 9.11E-01 3.26E-01
3.34E-01 9.74E-01 9.53E-01 2.42E+00 3.18E+00 2.87E+00 1.54E+00 8.45E-01 3.72E-01
4.08E-01 8.86E-01 8.71E-01 2.28E+00 3.13E+00 3.02E+00 1.72E+00 8.28E-01 4.54E-01
4.98E-01 8.12E-01 7.87E-01 2.23E+00 3.11E+00 3.11E+00 1.88E+00 7.59E-01 5.65E-01
6.08E-01 7.42E-01 7.31E-01 2.10E+00 3.04E+00 3.20E+00 2.06E+00 6.70E-01 6.52E-01
7.43E-01 6.66E-01 6.41E-01 1.98E+00 2.97E+00 3.32E+00 2.25E+00 5.92E-01 7.52E-01
8.21E-01 6.01E-01 5.77E-01 1.88E+00 2.89E+00 3.34E+00 2.38E+00 5.49E-01 8.48E-01
9.07E-01 5.76E-01 5.63E-01 1.81E+00 2.84E+00 3.39E+00 2.47E+00 5.14E-01 9.19E-01
1.00E+00 5.32E-01 5.26E-01 1.74E+00 2.76E+00 3.36E+00 2.58E+00 5.09E-01 9.40E-01
1.11E+00 5.05E-01 4.86E-01 1.64E+00 2.67E+00 3.37E+00 2.67E+00 4.65E-01 1.01E+00
1.22E+00 4.65E-01 4.47E-01 1.57E+00 2.60E+00 3.38E+00 2.76E+00 4.47E-01 1.07E+00
1.35E+00 4.31E-01 4.13E-01 1.48E+00 2.51E+00 3.35E+00 2.83E+00 4.05E-01 1.13E+00
1.50E+00 3.97E-01 3.75E-01 1.42E+00 2.42E+00 3.31E+00 2.92E+00 3.77E-01 1.18E+00
1.65E+00 3.61E-01 3.42E-01 1.31E+00 2.30E+00 3.29E+00 2.97E+00 3.50E-01 1.22E+00
1.83E+00 3.34E-01 3.27E-01 1.25E+00 2.21E+00 3.22E+00 3.02E+00 3.24E-01 1.26E+00
2.02E+00 3.07E-01 2.99E-01 1.16E+00 2.09E+00 3.15E+00 3.02E+00 3.05E-01 1.29E+00
2.23E+00 2.85E-01 2.75E-01 1.08E+00 1.98E+00 3.00E+00 2.99E+00 2.75E-01 1.27E+00
2.47E+00 2.56E-01 2.46E-01 1.00E+00 1.88E+00 2.93E+00 3.04E+00 2.49E-01 1.31E+00
2.73E+00 2.33E-01 2.19E-01 9.20E-01 1.75E+00 2.82E+00 2.95E+00 2.37E-01 1.30E+00
3.01E+00 2.10E-01 1.99E-01 8.65E-01 1.63E+00 2.65E+00 2.84E+00 2.31E-01 1.25E+00
3.33E+00 1.93E-01 1.84E-01 7.84E-01 1.52E+00 2.55E+00 2.84E+00 2.19E-01 1.26E+00
3.68E+00 1.70E-01 1.63E-01 7.20E-01 1.40E+00 2.35E+00 2.65E+00 2.03E-01 1.19E+00
4.07E+00 1.59E-01 1.48E-01 6.54E-01 1.32E+00 2.31E+00 2.67E+00 1.97E-01 1.24E+00
4.49E+00 1.36E-01 1.37E-01 6.04E-01 1.25E+00 2.21E+00 2.71E+00 1.88E-01 1.24E+00
4.97E+00 1.28E-01 1.20E-01 5.47E-01 1.15E+00 2.14E+00 2.68E+00 1.76E-01 1.27E+00
5.49E+00 1.20E-01 1.08E-01 5.06E-01 1.07E+00 2.03E+00 2.59E+00 1.76E-01 1.25E+00
6.07E+00 1.09E-01 9.69E-02 4.60E-01 9.86E-01 1.90E+00 2.49E+00 1.63E-01 1.21E+00
6.70E+00 9.55E-02 8.59E-02 4.19E-01 9.07E-01 1.79E+00 2.38E+00 1.58E-01 1.17E+00
7.41E+00 8.22E-02 7.28E-02 3.61E-01 7.91E-01 1.63E+00 2.24E+00 1.45E-01 1.14E+00
8.19E+00 7.43E-02 6.49E-02 3.26E-01 7.15E-01 1.47E+00 2.04E+00 1.39E-01 1.03E+00
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Continued.
E Fluence Response [cm2]
[MeV] 81Cd 81 108 133 178 233 Stanlio Ollio
9.05E+00 6.93E-02 5.41E-02 2.75E-01 6.58E-01 1.35E+00 1.94E+00 1.63E-01 1.02E+00
1.00E+01 5.83E-02 4.84E-02 2.50E-01 5.54E-01 1.20E+00 1.75E+00 1.75E-01 9.67E-01
1.11E+01 5.64E-02 4.73E-02 2.32E-01 5.19E-01 1.13E+00 1.68E+00 1.87E-01 9.79E-01
1.22E+01 5.62E-02 4.30E-02 2.20E-01 4.97E-01 1.05E+00 1.56E+00 1.96E-01 9.44E-01
1.35E+01 4.95E-02 3.47E-02 1.84E-01 4.24E-01 9.37E-01 1.40E+00 1.95E-01 8.96E-01
1.49E+01 4.44E-02 3.61E-02 1.79E-01 4.04E-01 8.97E-01 1.36E+00 1.90E-01 8.81E-01
1.75E+01 4.82E-02 3.43E-02 1.73E-01 3.98E-01 8.63E-01 1.31E+00 1.90E-01 8.87E-01
1.96E+01 4.26E-02 2.87E-02 1.43E-01 3.26E-01 7.34E-01 1.12E+00 2.20E-01 8.62E-01
Modified response functions of the extended-range BSS. Given is the point re-
sponse.
E Fluence Response [cm2]
[MeV] 81Cd 81 108 133 178 233 Stanlio Ollio
21 4.04E-02 2.43E-02 1.29E-01 2.99E-01 7.62E-01 2.63E-01 9.51E-01
25 3.54E-02 1.91E-02 1.02E-01 2.40E-01 9.23E-01 6.34E-01 2.52E-01 9.21E-01
50 2.18E-02 7.69E-03 4.12E-02 9.98E-02 4.26E-01 2.82E-01 3.08E-01 9.47E-01
75 2.00E-02 5.85E-03 3.20E-02 7.77E-02 3.28E-01 2.15E-01 3.11E-01 9.62E-01
100 1.85E-02 5.25E-03 2.79E-02 6.88E-02 2.89E-01 1.90E-01 3.36E-01 1.01E+00
250 1.65E-02 3.70E-03 2.07E-02 5.03E-02 2.15E-01 1.60E-01 4.00E-01 1.18E+00
500 1.84E-02 3.50E-03 1.90E-02 4.67E-02 2.09E-01 1.34E-01 5.41E-01 1.59E+00
750 1.87E-02 3.10E-03 1.78E-02 4.44E-02 2.05E-01 1.58E-01 6.50E-01 1.88E+00
1000 1.98E-02 3.10E-03 1.78E-02 4.37E-02 2.04E-01 1.30E-01 7.23E-01 2.11E+00
1500 2.09E-02 3.11E-03 1.82E-02 4.50E-02 2.18E-01 1.37E-01 8.60E-01 2.49E+00
2000 2.10E-02 3.11E-03 1.81E-02 4.46E-02 2.16E-01 1.96E-01 9.41E-01 2.71E+00
Appendix D
Technical specications
Table D.1: LINUS settings of the NIM based electronics used in the May 2000
run for Bonner spheres with the 2 atm-detector.
High-voltage 720 V
Amplication Coarse Gain 50
Fine Gain 9.80
Shaping time 2 s
Single channel analyzer Lower level 0.20 V
Upper level 9.90 V
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Single channel analyzer Lower level channel # 107




Single channel analyzer Lower level channel # 107




Single channel analyzer Lower level channel # 97
Upper level channel # 2048
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Table D.3: Technical data of the MAB device components.
Spectroscopical amplier
Input positive 0-5 V
Output positive 0-5 V
Shaping time 3 s
Multi channel analyzer
Channels 2048
Max. pulse rate 75000 cps without dead time
Max. pulses per channel 224
Preset time 200 ms - 36 h
Power supply
Voltage range 0-2000 V
Output current  0.50 mA 0-1500 V
 0.25 mA 1500-2000 V
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